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Thermal Properties of Aluminum Oxide From 


O° to 1,200° K 


George T. Furukawa, Thomas B. Douglas, Robert E. McCoskey, and Defoe C. Ginnings 


Accurate measurements of the heat capacity of a-aluminum oxide (corundum) from 


13° to 1,170° K are described 


a drop method was used with a Bunsen ice calorimeter from 273 
K, where the two methods overlap. 


» 


are compared in the range 273° to 380 


An adiabatic calorimeter was used from 13 


to 380° K and 
to 1,170° K. The results 
From the data, 


9 


smoothed values of the heat capacity, enthalpy, entropy, and Gibbs free energy from 0° to 


1,.200° K are derived and tabulated. 


1. Introduction 


One of the fundamental functions of the National 
Bureau of Standards is to develop new standards as 
the need arises. As the science of thermodynamics 
assumes new import in modern technology, the need 
for calorimetric standards becomes urgent. At the 
meeting on April 21, 1948, the Fourth Conference on 
Low Temperature Calorimetry! considered — this 
problem of calorimetric standards and recommended 
three materials to serve as heat-capacity standards 
over a wide temperature range. These materials 
were benzoic acid (10° to 350° K), n-heptane (10° 
to 300° K), and a-aluminum oxide (10° to 1,800° K). 
The Bureau was asked to prepare very pure samples 
of these materials which would be available to those 
laboratories interested in very precise measurements 
of heat capacity. By having samples of any one 
substance taken from one source of very high purity, 
it was hoped to have a means of comparing measure- 
ments made in different laboratories under different 
experimental conditions. The Bureau has prepared 
samples of these three materials that are not regarded 
as part of the Standard Sample series of the Bureau, 
but will be designated here as Calorimetry Conference 
samples, and has made these available without charge 
toa limited number of laboratories. Measurements 
have already made at the Bureau on the 
Calorimetry Conference sample of benzoic acid [1],? 
normal heptane [2], and aluminum oxide. <A brief 
summary [3] of the results of these measurements 
and details of the measurements on benzoic acid [1] 
and normal heptane 2] have been published in other 
reports. It is the purpose of the present report to 
give the complete results of heat capacity measure- 
ments on the Calorimetry Conference sample of 
aluminum oxide, which up to the present have 
covered the range from 13° to 1,173° K. 

Aluminum oxide in’ the form = of corundum 
(a-Al,O,)* has a number of properties that make it 

The Conferen on A) emperature Calorimetry Wi 
rmetry Conference at t meetil eld on September 5, 1950, i 


other fields of cal 
Figures in br 


been 


renamed the Calo 
1 order to includ 
rimetry 

kets indi terature the end of this paper 
'The 8-ALO 1 impure alumina which can be formed when the molten 
dluminum oxide is slowly 1 the presence of certain impuritic Ihe 
YAlOs, which can be prepared by heating Al(OH), is metastable, transforming 
© a-ALO ibout 10008 C © a-AleOs, Known as corundum, containing 
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ideal for a heat-capacity standard over a wide tem- 
perature range. Lt is commercially available in the 
form of synthetic sapphire with impurities present 
in such small quantities that the heat capacity of the 
sample should be the same as that of a pure sample 
within the accuracy of present calorimetric measure- 
ments. The sapphire is a crystalline solid without 
known transitions or changes of state up to its 
melting point (near 2,000° C [4]). It is nonvolatile, 
nonhygroscopic, and chemically stable in air, and 
does not absorb carbon dioxide. Except at the 
lowest temperatures, it has a high heat capacity per 
unit volume. It is extremely hard and should be 
free from mechanical effects such as strains due to 
cold-working, which cause small but significant 
changes in the thermal properties of metals. In 
summary, it appears that the synthetic sapphire 
should be an excellent standard for heat-capacity 
measurements over most of the temperature range 
up to its melting point. 

The Bureau has previously made measurements 
[5] over the range 0° to 900° C on a sapphire sample 
(not Calorimetry Conference sample) in order to 
determine the suitability of the material as a stand- 
ard. The measurements described in the present 
report are on the Calorimetry Conference sample and 
consist of two independent calorimetric investigations 
using entirely different methods and apparatus for the 
low- and high-temperature ranges. In the range 
13° to 380° K, an adiabatic calorimeter was used. 
In the range 273° to 1,170° K, a “‘drop”’ calorimeter 
was used, similar to the earlier high-temperature ex- 
periments [5, 6] except that an entirely new and im- 
proved apparatus was used. 


2. Sample 


The aluminum oxide sample investigated was 
colorless synthetic sapphire (corundum) and was 
a portion of the material prepared for the Calorim- 
etry Conference by F. W. Schwab * of the Chemistry 
Division at the Bureau. This material, originally 
purchased from the Linde Air Products Company 
in the form of split boules, was coated with a hard 
opaque form of aluminum oxide which was removed 
by immersing in fused potassium pyrosulfate. Fol- 
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lowing this cleaning process, a portion (about one- 
fifth of the boules was examined by C. P. Saylor 
of the Bureau for inclusions, and the total volume 
of the inclusions was estimated to be less than 1 
part per million of the volume of the aluminum 
oxide crystals. 

The cleaned boules were crushed, and about 85 
percent of the material was collected in particle 
sizes between 0.02 and 0.08 in. The impurities 
from the crushing and sieving were re- 
moved by digesting in hot hydrochloric acid The 
material was then thoroughly washed and dried at 
about 300° C This product showed no 
weight on subsequent drying at 110° C or heating 
for 2 hours at 1,200° © To obtain the highest 
degree of uniformity in all samples, all the material 
was thoroughly mixed in a large bottle and pack- 
aged in 70-g¢ units of about 30 ml volume. Later 
some of these 70-g¢ units were divided into smaller 
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loss HI 


units. 

Spectrographic analyses made by B. F. 
of the Bureau, of a sample from one of the packaged 
70-¢ units indicated the purity to be between 99.98 
and 99.99 percent by weight. The only impurities 
present in quantities greater than trace amounts 
were silicon, 0.005 percent; iron, 0.005 percent; and 
chromium, 0.002 percent. It seems likely that the 
impurities present would not affect the heat capac- 
itv of the sample by more than 0.02 percent in the 
temperature range covered by the measurements 
described in this paper. 
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3. Low-Temperature Calorimetry 
3.1. Method and Apparatus 


measurements in the low- 
temperature range, from about 13° to 380° K, were 
made by means of an adiabatic calorimeter of a 
design similar to that described by Southard and 
Brickwedde [7]. Details of the design and opera- 
tion have been previously deseribed [S|]. Briefly, 
the aluminum-oxide sample was sealed in a copper 
sample container of about 125-cm’ capacity. In 
order to attain a rapid thermal equilibrium, tinned 
copper vanes were arranged radially from a central 
well to the outer wall of the container and held in 
place by a thin coating of pure tin applied to the 
inner surfaces. A small quantity of helium gas 
was also sealed with the sample to increase the rate 
of thermal equilibrium. The central well contained 
a heater-platinum resistance thermometer assembly 
The outer surface of the container and the adjacent 
inner surface of the adiabatic shield, within which 


The heat-capacits 


the container was placed, were cold plated and 
polished to minimize radiative heat transfer. The 
space surrounding the container and = shield was 


evacuated to a pressure of 10~° mm Hg or less to 
make negligible the heat transfer by 
and convection. During the heat-capacits experl- 
ments the temperature of the shield was kept the 
same as that of the container surface by means of 
shield heaters, manually controlled, and constantan- 
chromel-P differential thermocoupl s Two sets of 


conduction 


thermocouples, one of three junctions and the other 
of two, and three individual heaters were used jy 
the control of the shield temperature. 

The electrical power input was measured by means 
of a Wenner potentiometer in conjunction with » 
standard cell, volt box, and standard resistor, The 
time interval of heating was measured by means of a 
precision interval timer operated on a standard fre- 
quency of 60 eps furnished by the Time Section of the 
Bureau. The timer Wiis compared periodically with 
standard second signals and found to vary not more 
than 0.02 see per heating period, which was never 
less than 2 min. ‘Temperatures were measured by 
means of a platinum-resistance thermometer and a 
high-precision Mueller bridge. The platinum-re- 
sistance thermometer was calibrated above 90°K jp 
accordance with the 1948 International Temperature 
Seale [9], and between 10° and 90°K with a provi- 
sional scale [10], which is maintained by a set of 
platinum-resistance thermometers which had been 
compared with a helium-gas thermometer. The 
provisional scale as used in the calibration of the 
thermometer when the measurements reported. in 
this paper were made was upon the value 
273.16°K for the ice point and 90.19°K for the 
temperature of the oxygen point. Above 90°K, the 
temperatures in degrees Kelvin were obtained by 
adding 2735.16 deg to the temperatures in degrees 
Celsius (International Temperature Seale of 1948 
(9}).° All eleetric instruments and accessory appa- 
ratus were calibrated at the Bureau 


based 


3.2. Heat-Capacity Measurements 


measurements on aluminum 
oxide were made from about 13° to 380°K in sample 
container A and calorimeter G The container and 
calorimeter were previously used in the heat-capacit 
investigation of benzoic acid [1 Two sets of meas- 
urements were made, one on the container filled with 
sample and the other on the empty container. To 
minimize the correction for curvature, the heat- 
capacity neasurements were closely spaced wherevet! 
the curvature was large. Generally, the temperatur 
change per heating interval was about 1 to 3 deg 
below 30°K.3 to 5 deg from 30° to SO°K. and 5 to 10 
deg above SO°K. Wherever significant. the curva- 
ture correction was applied according to the rela- 
tion | 12}: 


The heat-capacity 


' rm (OZ AT)’ (O'% AT 
Zr, =Q/AT—( 7, ) —( 5, } Sires 
OT*/, 24 OT'/, 1920 
where Zr is the 
container plus sample or of the empty container at 
the mean temperature 7, of the heating interval 
AT, and Q is the electric energy added. In evalu- 
ating this equation, the derivatives of Z with respect 
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by the derivatives of Q/A7 | sample container was slightly different for the two 
sets of experiments, because of the differences in the 
masses of solder and of copper, a correction was 
applied from known heat capacities of copper, tin, 
and lead. The heat-capacity correction for the tin- 
lead solder used in the experiments was based on 
the assumption of additivity of the heat capacities 
of lead and tin. A small correction was applied also 
for the heat capacity of the helium gas used in the 
container-plus-sample experiments. 

Below 90° K, as in previous heat-capacity investi- 
irregularities were observed in the deviation 
attributed 


to T were replaced 
obtained from numerical differentiation of the table 
of Q/AT given at equally spaced integral tempera- 
The last term involving the fourth derivative 
of Z was found to have negligible effeet upon the 
observed heat-capacity values of the present meas- 


ures. 


yrements 

In both sets of measurements the observed heat 
capacities, corrected for curvature, W ere plotted on 2 
large scale as deviations from approximate empirical 
equations. The smoothed heat capacities at equally 
spaced integral temperatures were then obtained by 
combining smooth deviation curves and empirical 
equations. Net heat capacities (heat capacities of 
sample alone were obtained by subtracting the 
tabulated heat capacities of the empty contaimer 
fom those of the container plus sample at the corre- 


gations, 
to a possible non- 
No attempt was 
made to smooth out these irregularities, consequently 
the heat-capacity values given in table 5 below 90° K 


curves which were 


linearity in the temperature scale. 


sponding even temperatures As the mass of the | are not smooth. 
TABLE 1 Principal data for the low-te mperature heat-capacity experiments 
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The values of heat capacity obtained were at 
helium gas pressure varying from 5 em Hg at room 
temperature to about one-twentieth of this pressure 
at the lowest temperature and to about 6 em Hg at 
the highest temperature. In the case of aluminum 
oxide the conversion of the heat capacity to l-atm 
pressure makes negligible change. Therefore all 
computation and analyses have been carried out as 
if the measurements were made at constant l-atm 
pressure. 

Two separate heat-capacity 
ments, I and II, containing 225.6384 and 251.7915 ¢ 
of sample, respectively, were made to check the 
reproducibility of the results obtained. After one 
series of measurements, the sample container was 
removed from the calorimeter and was emptied of 


series ol measure- 


rABLE 2 Principa 


data tor the tor 


{ he sample. The container was refilled, pumped 
and resealed with helium gas and was replaced in the 
calorimeter for the second series of measurements. 
The container was installed in the calorimeter in as 
nearly identical conditions as possible for all the 
heat-capacity measurements, including those on the 
empty sample container. 

The measurements of series | were made in the 
temperature intervals 13° to 120° and 280° to 380 
K, and those of series I] in the interval 80° to 380° K 
The principal data (with no curvature corrections) 
from the heat-capacity measurements on the empty 
container and from those of series I and II are given 
in tables 1, 2, and 3, respectively. In each run, the 
data are given consecutively as obtained and no 
measurements are omitted. The data given for the 
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kK C+273.16 Mass of sample: 251.7915 Accessory data: 0.0200 g less copper; 
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0.0301 ¢ less solder 





\7 / Z } \7 / a Z' Al 
I ’ 
Run 3 Run 
K ahs j deq 
A ahs j deq K 197. 7738 168, 506 7. 
81. 5532 43. 004 3020 205. 9O54 176. 122 8. 
SO. 5929 14. 168 4.7774 213. 1362 182. 610 5. 
K 91. 1444 53. 838 4. 3255 220. 0717 605 as 
2 2208 95, 3096 5s. 144 4, 0049 228, 1409 $54 7. 
2. 2011 101, 2266 4. 454 7. S292 239, 5203 166 al 
7. 5814 108, 6192 72. 513 6. 9560 247. 0176 157 7 
7. 2942 116. 0441 SO). 780 7. S938 253. 8524 1S 6 
7. 0566 125. 3199 91, 281 10. 7284 260), 0347 76 6 
6, 8653 135. 4438 102, 786 9. 5193 266, 0971 736 6 
6. 6760 44. 5302 113. 046 &. 6536 972. 0474 738 5 
7. 0342 152. 8536 122. 318 7. 9932 279. 3828 447 S 
6. SO1Y 161, 4874 131. 760 ¥. 2744 
6. 7054 170. 4326 141, 30 &. 6159 
&. 7180 178. 7978 149, 968 8. 1146 Run 6 
s. 4949 IS7. 1145 158. 324 8. SINT 
§, DUS 195. 4246 166. 404 &. 1016 
273. 1030 228. 438 6. 6810 
280). TU7S 233. 398 8. TOR5 
289. 4109 238, 586 8. 5177 
Run 4 207. 8028 243. 530 8. 3416 
306, 0650 248. 130 8. 1827 
$14, 2167 252. 457 8. 1208 
S84. S278 47. S5t 4s] $22. 2305 256. 587 7. 9067 
SY. STOO 52. 476 1. 7343 330. O795 200). 376 7. 7914 
04, 3502 57. 150 4. 3461 337. S150 263. YSY 7. 6795 
B&. do2 7. SY2U HO S855 2.7214 345. 4454 267. 439 7. 5814 
S. 1682 104. 84454 68, 354 7. 5282 352. YSO6 270. 676 7. 4889 
& OO56 111. YS06 76, 234 6.7444 
GO SOI6 119. 1648 S4. 204 +. 6223 
4. 5049 126. 4444 92. 562 6. 9389 Run 7 
44319 134. 7754 102,014 9. 7239 
9, 2661 112. 402 & S12U 
G 1158 121. 929 & 1249 335. 6255 262, RS 9, 6458 
s “U7O0 120, 875 6. 3549 345. 1906 267. 286 9. 4843 
S855S 137. 194 7. 2172 354. (O07 271. 343 9. 3360 
8. 7353 45. 522 8. O745 363, 8720 275. 100 9. 2065 
&. 6314 l 423 10. 7943 373. O174 278. 659 9, 0843 
the | \7 
ecurate to +0.01° kK Figu beyond the second decimal are significant only insofar as small temper 
, 
e .|% of net heat capacity 
Series I 
0.01% of net heat capacity 
Series I 
0.01% of net heat capacity 
Series I 
‘ 
50 200 250 300 350 


heat capa 


(Pb/Sn 


iture differences 


from smoothed tabular 


ity 








O06} 


04 


02) 


oO 
© 


ACplobs-tabie), abs j deg 


-,04 


~ 06} 


FIGURE 2 


O6} 


R 


Oo 
X 


AC (obs-table), abs j deg™ 
5 
N 


o 
rs 


-06 


] 


. 
one iT xy roa 

4 

+ °o T AT ADA T 
4 F NET HE e Y 


08} 


- 04) 


- 08 


os 300 340 380 


TEMPERATURE, °K 


atior 0 lhe exp } 
I fror moothed ( l 
, 


+ 03% OF NET HEAT CAPACITY 














heat capacities corrected fo curvature or the 
obtained for the containe p synthetic tppl 
ve 
7 
-—4 
| 
1 
re) 
iN 4 + = 
, 
| 
| 
| 
| 
| 


200 240 280 320 
TEMPERATURE, °K 


w 
® 
oO 


obtained for the container p snthet rppl 


72 








E VIATIONS, at 


empt container are those obtained prey iously during 


the heat-capacity investigation of benzoic acid {1}. 
As these data have not been given previously they 
are reported in this paper The deviations of the 
experimental heat-capacity values for 
curvature) of the empty container from the smoothed 
values, obtained according to the procedure outlined 
earlier, are shown in figure 1. As the measurements 
of series | and IT contained different amounts of sam- 
ple, two sets of percentage-deviation boundaries are 
shown in the figure. Similar deviation plots for the 
results of the measurements of series | and IL are 
shown in figures 2 and 3, respectively. The deviation 
boundaries showing the precision of the measure- 
ments are given in terms of the net heat capacity. 
The net heat capacities from the two series of meas- 
urements were averaged wherever their temperatures 
comncided to arrive at the heat-capacitv values with 
the low-temperature adiabatic calorimeter. The 
smoothed values of the heat capacity of aluminum 
oxide for the two series are compared in figure 4. 


(corrected 


3.3. Reliability and Comparison of the 
Low-Temperature Results! 


The sample container A and calorimeter G, in 
which the low-temperature heat-capacity measure- 
ments aluminum oxide deseribed in this paper 
were made, were tested earlier yy determining the 


On 


heat capacity of water from 274° to 332° K. The 
maximum variation of 14 experiments on water 
was 0.02 percent from the very accurate values 


previously published by Osborne, Stimson, and 
Ginnings [13]. A comparison has been described 
previously [2] of the heat-capacity results obtained 
on #-heptane, in a similar calorimeter in which the 
results agreed with the maximum variation of 0.15 
percent) from the values between 5° and 90° C 


published by Osborne and Ginnings [14]. In the 


lest experiments from 274° to 332° KO with water 
RE 

I i | of this refers ‘ hould be disregarded Che deviation plot of the 

in empt ntainer of another heat-capacity investigation was 

however, does not affect the results 
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the heat capacity of the sample was about 2 to 3 
times greater than that of the aluminum oxide 
sample in the same temperature range. Conse- 


quently, any constant heat leak that may have been 
present would cause the percentage inaccuracy in 
the aluminum oxide experiments to be 2 to 3 times 
greater than that of the water experiments. Be- 
tween 5° and 90° C the heat capacity of the aluminum 
oxide sample was 30 to 50 percent greater than that 
of the n-heptane sample, but at 14° K the heat 
capacity of the aluminum oxide sample was only 
one one-hundredth of that of the n-heptane sample. 
The precision of the low-temperature heat-capacity 
measurements on aluminum oxide is shown in the 
deviation plots of figures 1, 2, 3, and 4. Figures 
2 and 3 show that the precision of the measurements 
of series I and II are about the same. In figure 4, 
although the two series of measurements were made 
in the same calorimeter and container and the con- 
ditions in the calorimetric system were made 
nearly identical as possible, the results deviate 
slightly and systematically from each other, those 
of series Il in general being higher than those of 
series |. These small systematic deviations are 
attributed to the possibility that portions of thermo- 
couple and electric lead wires were in contact with 
the container, resulting in small differences in the 
heat capacity of the system. Also, there is a possi- 
bility of small errors in accounting for the slight 
differences in the mass of the container for the dif- 
ferent series of measurements. The two ot 

results are, however, in good agreement. 
Considering the precision obtained and various 
known sources of systematic error, the uncertainty 
in the values of the heat capacity above 90° K was 
estimated to be +0.1 percent. Below 90° K, the 
uncertainty increases to much larger values from 
various contributing factors. In the measurements 
of series I, the net heat capacity decreased from 
about 43 percent of the gross (container plus sample) 
heat capacity at 90° K to 10° percent at 14° KK. A 
platinum resistance thermometer having 25.5 ohms 
at the ice point will be 0.036 ohm at 13° K and changes 
in resistance by only 0.0059 ohm between 13° and 
14° K. This difference at the best can be determined 
only to 0.00002 ohm or 0.003 deg. As given in table 
2, the temperature interval of heating in this region 
was about 0.6 deg. The thermocouples used in 
detecting the temperature difference between the 
shield and the sample container become very tn- 
sensitive at the lower temperatures, also the thermal 
conductivity of the copper leads is over 10 times 
that at room temperature. Considering these factors, 
a precision of about 0.5 to 1 percent is all that can 
be expected from the measurements at the lowest 
temperature (see fig. 2), consequently at 14° K the 
heat-capacity value obtained for aluminum oxide 
is believed to be uncertain by as much as 10 percent. 
In figure 5 are compared various published heat- 
values of aluminum oxide with those of 
measurements. The results of Parks 
7 percent higher at 90° Kk 


15] are about 7 
lower at 290° K. The results re- 


as 


series 


capacity 
the present 
and Kelly | 
and 0.1 percent 
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Fieure 5 Comparison of the values of heat capacity obtained 


hy means oft the ow-lemperature adiahatic calo mele vith 
those of other investigators. 
@, Kerr et al , Simon and Sw o. ! . iN Morrison 


ported by Simon and Swain [16] are generally higher 


at the lower temperatures and lower at higher 
temperatures. Except in the lowest temperature 


range, the values reported by Kerr et al. [17] are in 
good agreement. Recently Morrison [18] made 
heat-capacity measurements on a sample of Calorim- 
etry Conference aluminum oxide. His results are 
in excellent agreement with the measurements pre- 
sented in this paper, 


4. High-Temperature Calorimetry 


4.1. Method and Apparatus 


The heat capacity measurements in the high- 
temperature range (0° to 900° C) were made by the 
“drop” method. In brief, this method is as follows. 
The sample, sealed in its container, is suspended in 
a furnace until it known tem- 
perature. It is then dropped into a Bunsen 
calorimeter, which measures the heat evolved by the 
sample plus container in cooling to 0° C. In order 
to account for the heat capacity of the container and 
the heat lost during the drop, a similar experiment 
is made with the empty container at the same tem- 
perature. The difference between the two values of 
heat is a measure of the change in enthalpy of the 
sample between 0° C and the temperature in the 
furnace. From enthalpy values of the sample so 
determined, for a series of temperatures, the heat 
capacity can be derived. 

Many of the details of the ice calorimeter and 
furnace and their operation have been given in pre- 
vious publications 19}. More details will be 
given here, in addition to a repetition of some details 
given earlier, because reprints of an earlier publica- 
tion [19] are no longer available. Figure 6 shows a 
schematic diagram of the furnace and ice calorimeter. 
A central well, A, made of an allov having low ther- 


comes to a constant 
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mal conductivity, is provided to receive the COn- 
tainer with the sample. The lower part of this wel] 
is surrounded by two coaxial Pyrex vessels, P. The 
inner vessel contains the ice-water system in which 
ice melts when heat is added. The outer vessel jp. 
sulates the inner vessel from the surrounding jee 
bath, K. The vessels are sealed to the metal caps by 
Apiezon “W” wax, and the space between them js 
filled with dry carbon dioxide at the pressure of the 
atmosphere. A specially designed gate, G, prevents 
a transfer of heat by radiation from above the calo- 
rimeter down through the central well. An jce 
mantle, I, is frozen around the central well in the 
inner vessel by introducing a tube filled with solid 
carbon dioxide (dry ice) into the well. The shape of 
the ice mantle and the rate of freezing are controlled 
by adjusting the amount of dry ice in the tube and 
the thermal contact between this tube and the wel] 
The ice mantle is frozen around the central well and 
the copper vanes, IF, the vanes serving to speed ther- 
mal equilibrium in the inner vessel. The vanes, 
central well, and metal caps are tinned to avoid con- 
tamination of the pure air-free water in the inner 
vessel. The inner vessel is connected to the outside 
through, mercury, M, which connects to the beaker 
of mercury, B, and glass capillary, C. When heat is 
added to the inner vessel containing the ice mantle 
and surrounding water, ice melts, causing mercury 
to be drawn into the calorimeter. This amount of 
mereury Is proportional to the heat added, the pro- 
portionalits constant being a fundamental pliysical 
constant which was determined by electrical cali- 
bration experiments. One gram of mercury was 
found to be equivalent to 270.48 0.03 absolute 
joules.’ 

There are several details of the construction of the 
ice calorimeter which will be mentioned here as an 
aid to those making ice calorimeters of similar design. 
The mereury-water interface is located in the bottom 
part of the inner vessel for two reasons. First, the 
area of the interface is large, so that for a given influx 
of heat, the level of mercury in the calorimeter 
changes very little 
are slightly compressible, so that a change in pressure 
in the calorimeter results in a change in volume that 
must be distinguished from the change in volume 
due to heat input. With the present calorimeter, 
the effect of this change in pressure is only 0.004 
percent of the calibration factor. A second reason 
for locating the mereury-water interface in the 
bottom of the calorimeter is to avoid danger of 
breaking the inner glass vessel when freezing an ice 
mantle. During this freezing, the metal cap is colder 
than 0° C so that if there were water in the small 
tube leading from this vessel, might form to 
block the tube. During an experiment, any mercury 
entering the ice calorimeter must be at ihe tempera- 
ture of the latter. Coil T serves this purpose, acting 
as a reservoir holding more mercury than is used in 
any experiment 


This factor (whicl for the deal ce calorimeter witht 


during an experiment) differs slightly from the previously published |19) valu 
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S well will be considered in two parts. In the lower part, 
The | short copper sleeves (8S mm high and 1 mm thick) 
Which | were fitted around the central well to separate the 
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iz ice | help also to distribute the heat from the sample over a I cormeeely 
ips by 7? greater part of the ice mantle. In the upper part t 
eM is of the calorimeter, thin copper-nickel alloy sleeves 
of the were used instead of copper to minimize heat con- : 
‘vents | duction upward. : f 
 Calo- Particular care must be taken in the design of the i |e 
Nice | wax seals between the glass cylinders and the metal : if 
nthe | caps. First, the metal caps should preferably be ; | 

solid ) made with a material having a low temperature A s 
npe of | coefficient so that the distance between the glass A 6 
rolled | and metal can be made small, making the wax joint R M4 
e and stronger. The glass should be eround to a true a : ‘ 
well evlindrical shape where it fits inside the metal cap. NY : 
ll and \ tolerance on this fit should be allowed for differen- oh 

ther- | tial expansion over 50 to 100 deg C. For the most a 4 
vanes, ' gecurate results, it seems to be better to keep the a f 
lcon- | calorimeter at the ice temperature at all times. One R 4 
inner | jee mantle can be used over a period of several days Ey 
utside | if precaution is taken to protect the top of the ice ES 
weaker | mantle from excessive melting due to defective ice e 
eatis | bath above it. It must be emphasized that the best A |: 
lantle | operation of the ice calorimeter is obtained when the Es a | 
reury | water in the calorimeter is pure and free from dis- # — 
int of | solved gas. A bubble of gas in the calorimeter sy {i 
» pro- | cannot be tolerated for accurate work. It is believed ES ; 1; 
vsical | desirable to avoid small erevices in the construction | 
eali- | of the calorimeter. Proper tinning of metallic i vey 

was | parts of the calorimeter should accomplish this as : 
solute | well as avoid contamination of the water. & 4 

| The furnace is shown in position over the ice ik i 

of the { calorimeter in figure 6. It is designed to minimize % e 
as an} temperature gradients in the region where the con- a 
esign. | tainer (with sample) is suspended. In this way, it is 
ttom | possible to assume the temperature surrounding the 
t, the | container to be the temperature of the container. 


influx The furnace heater was made in three separate 
meter | sections corresponding in elevation to the three silver 
itents | evlinders, which were located inside the alundum, as 
‘ssure | indicated by J, KY, and L. By maintaining the 
» that evlinders J and L at the same temperature as the 
ume | evlinder K, the temperature gradient in K can be 
neter, | made negligible. The silver evlinders are supported 
0.004 | by porcelain spacers, Y, having low thermal con- 
eason | ductivity. Coaxially with the silver and porcelain 
the | evlinders are Inconel tubes which serve to enclose 
er Of | the sample container and its suspension wire 
in 1¢e A. W. G. No. 32 Nichrome V), so that an atmos- 
‘older | phere of helium can be used in the furnace tube, as 
small | well as in the calorimeter well, in order to minimize 
m to the time required for the sample container to come 











reury | to thermal equilibrium with its surroundings. 
pera- | 
peting 
- ) 
ed Wi 
FIGURE 6 Diagram of the furnace and ice calorimeter. 
} 
pressul A, Calorimeter well; B, beaker of mereury; C, glass capillary: 1), sample con- 
1} valu tainer; E, ice batl F, copper vanes; G, gate; I, ice mantle; JH, KH, LH, \ —_— 
ealibr furnace heater leads: J, K, L, silver evlindet M, mercury; N, Inconel tubes “ — 
P, Pyrex vesse kK, mercury reservoir; S, platinum shields; T, mercury “‘ten 
pering’’ coil; \ ed ve; W, water: Y, porcelain spacers p 5 O cu 
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Figure 6 shows some of the vertical holes, N, 
drilled through the silver and porcelain and placed 
90 deg apart azimuthally. These holes contain 
the platinum resistance thermometer, the platinum- 
rhodium thermocouple, and the differential thermo- 
couples between the end silver c\ linders, J and L., and 
the central evlinder K. In one of these holes are 
placed three small auxiliary heaters, located at the 
elevations of the three silver cvlinders. With these 
heaters, it is possible to avoid troublesome lag in 
the main heater and to control the central silver 
evlinder to 0.01 deg. The end silver evlinders are 
maintained within a few the 
central silver c\ linder. 

The suspension of the container, D, in the furnace 
and its drop into the calorimeter is similar to that 
described earlier [5, 6}. The braking starts after 
the container enters the calorimeter. The weight ol 
the falling svstem is kept constant in all experiments 
Two thin platinum shields, S, are attached to the 
suspension wire just above the container in order to 
make heat transfer upward (after the drop) essentially 
the same whether or not there is a sumple in the 
contamer. 

Up to and including 600° ¢ 


tenths of a degree ol 


', a strain-free platinum 


resistance thermometer is used to measure the 
temperature of the central silver evlinder that 
surrounds the sample container. Between 600° and 


900° C, a platinum—platinum—10 percent rhodium 
thermocouple is used, Both thermometet and 
thermocouple are calibrated frequently 

Because the temperature of the sample contamer 
is not directly measured, it is allow 
sufficient time for the container to reach the 


necessary to 


temperna- 


TABLE 4 Ex pe 
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ture of the silver evlinder. Two types of tests are 
made to prove that the time is adequate. First, the 
minimum time is estimated from test experiments 
with the sample container suspended in the furnace 
a relatively short time. Second, in. the regular 
experiments, the time intervals in the furnace are 
alwavs varied so that any significant trend in the 
results with time will be detected. 


4.2. Results 


The results of all the individual measurements 
with the furnace and | calorimeter are 
table 4. No values were discarded. 
urements were on only one specimen of aluminum 
oxide, from the Calorimetry 
sumple whose preparation is described in section 2. 
Specific considerations im arriving at the 
tabulated will now be discussed 

The furnace temperatures are given in column | 
of the table At and below 600°C" these 
indicated by a strain-free platinum resistance ther- 
mometer calibrated at the Bureau.  lce-point read- 
ings of the thermometer, taken several times during 
the measurements aluminum oxide, 
showed an over-all change equivalent to only 0.005 
deg. This seem unlikely that a much 
greater change occurred in the temperatures indi- 


eiven in 
These neas- 


ice 


taken Conference 


\ alues 


ure as 


series ol On 


makes it 


cated by the thermometer tn the range above the 
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For the temperatures above 600°C 
10 rely on the electromotive force of a platinum 
platinum-10) percent) rhodium-—thermo- 
couple. Throughout the measurements on alumi- 
yum oxide there was no essential change in the 
electromotive force of this thermocouple found for 
a given of the thermometer, and hence 
presumably no essential change in the thermocouple 
~alibration. This was over the range up to 600°C 
where the two instruments were frequently compared 
in order to detect an sudden shift in the ealibration 
values of either. In addition, the thermocouple was 
calibrated up to 900°C at the Bureau independently 
of this the ‘rmometer at the beginning and again at 
the end of the measurements on aluminum oxide. 
There were thus in effect three independent calibra- 
tions of the thermocouple, any two of which disagreed 
in their temperature indications by amounts which 
were approximately the same at the different tem- 
peratures. The two calibrations made before and 
after the enthalpy measurements indicated for a 
viven electromotive force a temperature respectively 


It Was necessary 


a) perce nit 


resistance 


0.1 deg higher and (above 500°C) 0.5 deg higher, 
approximately, than indicated by the comparisons 
with the thermometer in the furnace. (Even if the 


thermocouple calibration did not really change during 
this interval, a discrepancy of 0.5 deg is well within 
the tolerance within which calibrations are 
ertified Although the comparisons with the ther- 
mometer were made above 600°C, the depth of 
immersion and temperature gradients of the thermo- 
couple were naturally more like those during the 
enthalpy measurements Therefore the  thermo- 
couple calibration adopted above 600°C was made 
to conform to the results of these comparisons with 
the thermometer in the furnace, by taking the tem- 
peratures 0.1 deg lower than indicated by the 
nitial thermocouple calibration or, what is the same, 
0.5 deg lower than indicated by the final thermo- 
couple calibration. 


these 


hot 


be 


The results of individual heat measurements are 
given in columns 2 and 38. For each temperature 
these are listed in the order in which they were 


determined, and no entry in column 2 


relation to any entry in column 3. These 
based on a calibration factor 
calorimeter of 270.48 
mercury (see section 4.1) and have been corrected 
is fully is possible excepl for the heat lost in the 
drop into the calorimeter This heat loss very nearly 
eancels out in subtracting the values of column 2 from 
column 3 to obtain the net heat due to the 
aluminum oxide sample. 

The corrections that were applied to the heat 
values are all minor All Inasses were corrected to 
a vacuum basis. The small calorimeter heat leaks 
averaging about 2 j hr) were found by interpolation 
from rate measurements before and after the run. 
Ina few cases it was necessary to correct for very 
small deviations from the nominal furnace tempera- 
Though the sealed container was filled with 
helium at 1 atm pressure at room temperature, the 
internal pressure increased up to 4 atm at the highest 
temperatures; however, the correction the heat 


has a specific 
values are 
of the 


corrected ice 


those of 


tures, 


of 


absolute joules per gram of 
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change to that at a constant pressure of 1 atm was 
shown thermodynamically to be well within the ex- 
perimental error, and was neglected. The small dif- 
ferences in masses of all metallic parts of the falling 
system between the runs on the empty container 
and those on the container with sample were cor- 
rected for, as was also the helium displaced by the 
volume of the sample. The capsule was weighed 
at the beginning of each day, and corrected for the 
small increases due to oxidation by traces of oxygen 
in the helium atmosphere in the furnace, using the 
differences in enthalpy between Fe and Fe QO, [20]. 
These are adequate for the present purpose because 
the corrections are extremely small. The total cor- 
rection for these inconstant masses of materials 
averaged 0.02 percent, and did not exceed 0.05 per- 
cent of the net heat due to the sample. 

The observed heats due to the aluminum oxide 


alone are listed in column 4. Each such value is the 
difference between the corresponding mean values 
for the same temperature in the two. preceding 


columns divided by the mass of the sample. Smoothed 
values of relative enthalpy were obtained by using 
these unsmoothed values to derive, by the method 
least squares, the coefficients of an empirical 
equation. Considering that the precision, in terms 
of absolute joules per gram, is almost independent of 
temperature, each value in column 4 was given equal 
weight. The resulting equation, giving in — 
joules per gram the enthalpy of aluminum oxide : 

t° C in excess of the enthalpy at 0° C as found by the 
high-temperature measurements only, Is 


of 


H —Hoec 1.6777 
rig [Ct 


= 10 


|.447978¢ 


(10°) 
160.915 le 2) 


273.16)/273.16]. (2 


As discussed section 5, this equation does not 
agree exactly with the final values of heat capacity 
between O° and 125 adopted in this paper and 
given in table 5.) 

Values caleulated from this equation are listed in 
column 5 of table 4 and the agreement with the 
observed values is shown in column 6. 

There are obvious advantages of expressing the 
results of such measurements by a simple empirical 
equation, especially for convenience of interpolation 
and for analytical derivation of other properties. 
The three constarts of eq (2) were derived from 
11 experimental values. Nevertheless, it should be 
pointed out that this equation represents the un- 
smoothed data without appreciable trends with tem- 


perature, and therefore is probably as reliable as any 
numerically derived representation of the high- 
temperature results. The deviations (column 6), 


which vary from 0.10 percent at 50° to 0.02 percent 
at 896° C and average 0.03 percent, are of the same 
order of magnitude as the precision indicated by the 
individual runs. In fact, the form ot eq (2) has been 
found [21] to represent in this temperature region 
precise enthalpy data of a number of crystalline 
substances, including aluminum oxide, more closely 
than several other similar three-constant forms of 
equation that have been proposed for general use. 








4.3. Reliability and Comparison of the 
High-Temperature Results 


Evidence as to the probable accuracy of the values 
of relative enthalpy given by eq (2) and of heat 
capacity given by its derivative can be _ iined from 
three sources: (1) the reproducibility or precision of 
the measurements, (2) an examination ‘of the likely 
systematic errors, and (3) the agreement among 
different observers. 

Taking into proper st: atistical account the effect of 
the precision at a given temperature in the individu il 
runs on the empty container and also those on the 
container with sample, the probable error (precision) 
of the mean unsmoothed net enthalpy of aluminum 
oxide at a given temperature, relative to that at 0° C 
can be shown from the data of table 4 to average 

-0.05 abs j g', the maximum being twice this great 
This corresponds to a variation from +0.10 percent 
at 50° C to +0.01 percent or less at 300° C and above. 

It is noteworthy that the absolute magnitude of 
this precision (i. in absolute joules per gram) 
approximately constant and shows no systematic 
variation with temperature. This indicates that the 
accidental error probably arose largely in the per- 
formance of the ice calorimeter, only a small part 
being attributable to the turnace variables whose 
effect would normally be expected to be strongly 
dependent on temperature. As the heat capacities 
of most substances do not change by large factors 
between O° and 900° C, it follows that the present 
high-temperature apparatus is capable of measuring 
a mean heat capacity over a specified temperature 
interval almost as precisely at high as at low tem- 
peratures, even though at high temperatures the 
determination may be based on a similar difference 
between two very large heat quantities. These facts 
strongly suggest also that the precision of measuring 
with the ice calorimeter the enthalpy per unit mass, 
at one given furnace temperature, could be increased 
greatly by proportionately increasing the size of 
sample measured, 

In the present measurements on aluminum oxide, 
the mean unsmoothed heat capacity between two 
successive temperatures (50 to 100 dee apart) is 
found to have a precision corresponding to a probable 
error averaging approximately +0.1 percent. The 
differences between the unsmoothed values and those 
calculated from eq (2) are comparable, except for the 
range 600° to 700° C, where the difference 0.6 
percent. This single relatively large difference lay 
be due to the joining of thermometer and thermo- 
couple temperature scales in this region. Otherwise, 
the heat capacity of aluminum oxide varies so regu- 
larly that the smoothing accomplished by eq (2) can 
reasonably be expected to have reduced the effect of 
accidental errors on the accuracy of the final values. 

Various sources with the 


Is 


, 
©., 


is 


of S\ stematic error ice 
calorimeter and furnace were examined. Uncer- 
tainties in measuring the temperature on the Inter- 


national Temperature Scale are thought not to have 
introduced major error except in the region above 
600 OA where the necessary dependence on thermo- 
couple readings may have led to errors at 900° C 


as 
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high as 0.05 percent in the relative enthalpy and 0.2 
percent in the heat capacity. The heat lost in the 
drop into the calorimeter is estimated to have reached 

percent of the total heat measured 900° C. 
While this should have been nearly the same with or 
without the sample present, it is possible that the 
variation of the emissivity of the container surface 
in these two cases may have caused an error of as 
much 0.1 percent in the heat capacity at this 
highest temperature. Other sources of error, such ag 
varving amounts of oxide on the container, im- 
purity in the sample, and uncertainties in the mass 
of sample and the ice-calorimeter calibration factor, 
are so small that their combined effect on all enthalpy 
and heat- -capacits values thought not have 
exceeded 0.02 to 0.03 percent. 


as 


is to 


Two comparisons may be made with results of 
other observers which are accurate enough to be 
significant here. In the first place, as potted out 
later in this paper (section 5 and figure 8), the heat- 
capacity values calculated from eq (2) are slightly 
higher in the temperature region of overlap than the 
somewhat more accurate values determined with the 
low-temperature adiabatic calorimeter. A maximum 
difference of approximately 0.25 percent occurs at 
about 50° C, but has decreased to approximately 0.1 
percent at 100° C In the second place, over-all 
checks on the accuracy of the furnace and ice calorim- 
eter, described elsewhere |2] were carried out by 
measuring the mean heat cupaeits of water between 
0° and 25° C and between 0° and 250° C. These 
results are lower by 0.05 +0.14 percent and by 0.02 
+ 0.02 percent, respectively, than the corresponding 
results obtained earlier at this Bureau of use of two 


precise adiabatic calorimeters [13, 22). 
Considering the foregoing evidence on reliability, 
an estimate was made that the values of relative 
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enthalpy given by eq (2) can be assigned an uneer- | 


tainty corresponding to a probable error of +0.2 
percent, Similarly, it is believed that the probable 
error representing the uncertainty in heat capacity 
calculated from eq (2) may be considered to increase 


from +0.2 percent at 100° C to +04 percent at 
800°C. Below 100° C and above 800° C there must 
be somewhat increased uncertainty in the heat- 


capacity values obtained from eq (2), owing to the 
added uncertainty in the derivative of an empirical 
function near the ends of its range of validity. 

Most the measurements of heat 
high temperatures are made by the “drop” 
giving enthalpies referred to either 0° C room 
temperature. It is for this reason that the results of 
the high-temperature measurements on aluminum 
oxide are compared to the results of other 
gators on the basis of the observed enthalpy differ- 
ence over a large temperature interval, rather than 
the derived true heat capacities. (The results of the 
low-temperature measurements of enthalpy were 
compared on the basis of true heat capacities because 
the experiments were made over a temperature in- 
terval of only a few degrees, so that the results re- 


of capacities at 
method, 


or 





investi- | 


—a 


quired only very little correction to vield true heat | 


capacities. Figure 7 gives the deviations of ind- 
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vidual experimental results of different investigators 
at high temperatures from the final NBS smoothed 
values of 7/,—/I/, °C obtained from table 5 given 
later in this paper. In the cases where the measured 
enthalpy changes were referred to 25° C, the NBS 
results were used to convert them to the 0° C refer- 
ence. No attempt has been made to include the 
results of all investigators because the earlier meas- 
urements are generally less accurate. Only measure- 
ments reported in the past 20 years are shown. 
References to earlier high-temperature Measurements 
on aluminum oxide are given in a previous publication 
[9]. 

The smoothed results above 100° C, given later 
in table 5 and serving as the base line in figure 7, are 
based mostly on eq (2), which was derived from only 
the present measurements which used the drop 
method. At temperatures approaching 0° C, values 
derived from eq (2) are considered to be less accurate 
than those derived from measurements using the 
adiabatic calorimeter. There are differences 
large as 0.15 percent between the smoothed results 
using the adiabatic and drop methods in this tem- 
perature range where both methods were used. The 
small positive trend of the deviations of the NBS 
1956 results (using drop method) at the lower 
temperatures are due to the acceptance in_ this 
region of the results using the adiabatic calorimeter. 
A discussion of the relative “weighting” of the two 
sets of results in this region in formulating table 5 is 
given later. 

In figure 7, the agreement between the NBS re- 
sults in 1947 [5] and the present results (NBS—1956) 


as 


minum oxide obtained from table 5 with those from individual high- 
investigations, 

its in order to avoid the confusion of overlapping. For each of the two sets of NBS 
empty-container value observed in the same set at that temperature.) 
1947); HH, Oriani and Murphy; ©, Grand and Walker; 


S-drop method A, Egan, 


is considered generally satisfactory, considering that 
the 1947 results were obtained with entirely different 
calorimetric equipment believed to be less accurate. 
Although the estimated accuracy of the NBS—1947 
results was 0.2 percent (except below 100° C), the 
two sets of results agree within about 0.1 percent 
except near 100° C. The six experiments of Oriani 
and Murphy [23] agree with the NBS results with 
an average deviation of about 0.2 percent, which 
seems to be about the precision of their measure- 
ments. The measurements of Shomate and Naylor 
[24] are consistently higher than the NBS results, 
averaging about 0.5 percent. On the other hand, 
Shomate and Cohen [25], with a different apparatus, 
agree with the NBS measurements at 400° to 500° C 
but are 0.5 percent lower between 800° and 900° C 
The measurements of Egan et al. [26] start near 
300° C about 1 percent higher than those of NBS, 
the difference decreasing at the higher temperatures. 
The measurements of Walker et al. [27] agree with 
the NBS measurements with an average deviation 
of about 0.2 percent. 

All measurements shown in figure 7 except those 
of Shomate and Naylor were made on samples of 
synthetic sapphire prepared by Linde Air Products 
Company and have a probable purity of 99.98 to 
99.99 percent. Shomate and Naylor used a sample 
of natural sapphire. It seems very unlikely that 
the impurities in the sapphire samples would affect 
the results shown by as much as 0.1 percent so that 
the variations in the results by the different ob- 
servers are probably due to variations im experi- 
mental techniques. 
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5. Final Compilation of Smoothed 
Thermodynamic Functions 


In arriving at a compilation of smoothed values 
representing the results of both the high-temperature 
measurements and the low-temperature measure- 
ments, it was necessary to decide on “best”? values in 
the temperature range (0° to LOO° C) where both 
methods were used. The differences between the 
results using the two methods were small, amounting 
to a maximum of 0.15 percent on (//,—J1. ©) and 
0.25 percent on C,. Considering that 50° C was the 


lowest temperature at which measurements were 
made with the drop method, the equations for 
U7,—He «) (eq (2)) and C, (derivative of eq (2) 


which were based entirely on the high-temperature 
results, agree remarkably well with the low-tem- 
perature results in the temperature range above 0° C. 
The authors believe that below 350° K, the results 
using the adiabatic calorimeter are the more accu- 
rate and should be taken as the best NBS results 
At higher temperatures, the accuracy of the results 
using the drop method is more comparable with that 
using the adiabatic method. Therefore, the drop- 
method results are given increasing weight above 
350° K. The relative weighting is shown in figure 
8, which shows deviations of smoothed heat capacity 
values from the final smoothed values given in table 
5. At 400° K and above, the heat capacities in 
table 5 are based on the high-temperature measure- 
ments (eq (10) given later Below 350° K, the 
heat capacities are based on the smoothed results 


using the adiabatic calorimeter. The ‘‘compro- 
mise’ range is from 350° to 400° Kk. 
Table 5 lists smoothed values of the common 


thermodynamic properties of a-aluminum oxide 
heat capacity, enthalpy, entropy, and Gibbs free 
energy—at a standard pressure of | atm and at 
round temperatures sufficiently close to permit easy 
interpolation. To with the data 
given in this paper and on which they are based, the 
values of table 5 are given in terms of the absolute 
joule as the unit of energy... The values of table 5 
below the experimental range (below 13° K) were 
extrapolated using a Debye heat-capacity function 
fitted to the experimental values at the lowest 
temperatures. The equation used was 


) (3 


D) symbolizes the Debye function and 198/7 
argument. Although the Debye function gives heat 
capacity at constant volume, it) was 
that C,, was sufficiently close to C, for the present 
purpose. In the upper temperature range, though 


measurements were actually made only up to 1,170 
SSS ————r 7 


be consistent us 


LOS 


C°2=0.937D{ , 


its 


considered 


* Because it has long been the custom in the applications of chen | thermo 
dynamics to express energies in calories, it was recommended by the Eight! 
Calorimetry Conference it Chicago, Illinois, September 1 2 1953) that the 
defined thermochemical calorie (//= 4.1840 abs be used it uch cause Phe four 
properties of table 5 can readily be converted to this energy unit me wishes, by 
division by this conversion factor 


80 


FiGgurRE 8& f smoothed heat capac 


the f 


Son oo 


fh the 


Compa 
vo methods final va qiver , 
K, the properties are given in table 5 up to 1,200° K 
their regularity im this temperature range probabh 
justifving the short extrapolation. 

In order to make the values of table 
consistent, except for small discrepancies caused by 
rounding, one more significant figure is given than 
is justified by the accuracy of the measurements 
The thermodynamic properties were derived directly 
from the heat-capacity values below 400° K and 
from the enthalpy equation above this temperatur 
It should be noted that in the derivation of thy 
thermodynamic properties it was assumed that th 


5) mternally 


temperature scale) emploved coincides with th 
thermodynamic temperature seale (with 0° C 
273.16° K, see footnote 4). The two seales ar 


known to differ by small amounts which have not 
vet been evaluated, and to this extent small errors 
in the properties are mtroduced. In deriving th 
Gibbs free-energy funetion, it necessary to 
assume that the absolute entropy at 0° K Zer0 
which is probably a safe assumption in the case of a 
simple ionie crystalline solid) such aluminun 
oxide. 

The values of heat capacity, enthalpy, entropy 
and Gibbs free energy were derived using the follow- 


Was 


Is 


as 


ing thermodynamic relations: 


(or), , 

H?— Hox [ i 5 

S3-— Seox ( (°dT 71 0 

F2— Hog =(H?.— H80x)— T(S3— Sox 


As mentioned earlier, the thermodynamic properties 
below 400° K were derived from the heat-capacits 
values, eq (5) and (6) being evaluated by tabular 
integration, using four-point Lagrangian integration 


coefficients. Below 13° K, the equations were evalu- 
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integration constants from the values tabulated for 6. References Ic 
400° K), are as follows: 
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Research Paper 2695 


Stress-Strain Relationships in Yarns Subjected to Rapid 
Impact Loading: 4. Transverse Impact Tests” 


Jack C. Smith, Frank L. McCrackin, Herbert F. Schiefer, Walter K. Stone, 
and Kathryn M. Towne 


If a textile varn segment clamped at each end, is impacted transversely at the midpoint, 
the stress-strain curve for this varn can be obtained from measurements on a high speed 


photographie record of the motion of the varn. 
Stress-s train curves for high rates of straining, of the order of 5,000 percent 


cedure used 


This paper describes the apparatus and pro- 


per second, obtained by this method are given for high-tenacity nylon, Fortisan, and Fiber- 


glas 
materials have 


higher stress values when the rate 


testing 


Comparison with stress-s train data obtained at 
higher initial moduli, and that their stress-s train curves remain linear up to 


conventional rates shows that these 


high. The breaking tenacities are slightly 


greater and breaking elongation slightly smaller at these high test rates. 


1. Introduction 


In previous papers of this series [1, 2, 3]! the 
behavior of textile varns subjected to longitudinal 
impacts of order of magnitude 50 m/see was dis- 
cussed. Equipment using high speed photography 
was described. A procedure for obtaining stress- 
strain curves at initial rates of straining of the order 
of 5,000 percent per second (300,000% per min) was 
given. The concept of a limiting breaking velocity, 
approximating the lowest velocity at which a textile 
varn will rupture immediately upon tensile impact, 
was introduced, and values of this characteristic 
quantity were given for several different varns. 

Equipment for studying the behavior of yarns 
impacted transversely at velocities of order of 
magnitude 50 m/see has now been constructed. This 
equipment is described here. A method of obtaining 
stress-strain curves from photographs of the succes- 
sive configurations of a clamped varn subjected to 
transverse impact is outlined. Stress-strain data 
obtained in this way are given for high-tenacity 
yarns of nylon, Fortisan,? and Fiberglas. 


2. Apparatus 


An assembly of the transverse impact equipment 
is shown in figure 1. The varn specimen is clamped 
to a rigid massive table, A, on which a coordinate 
grid system is inscribed. Central transverse impact 
is made by a freely flying projectile that has been 
struck by a rapidly rotating hammer, H. Apparatus 
for rotating and stopping the hammer is separate 
from the specimen table in order to avoid jarring. 

The 6-in. hammer rotates under a powerful torque 
through an are of 270° before striking. The force 
to rotate the hammer is applied at the surface of a 
2-in. shaft by straps from four springs, which can be 
extended up to 20 in. by a motor. At full extension 
the total tension in the four springs is 800 Ib. The 
hammer is held in place by a latch, which can be 


*This paper is being republished by the Textile Research Journal, volume 26, 
Nov ber 1956 

Figure 1 brackets indicate the literature references at the end of this paper 

I | ul nam f leacetylated cellulose acetate and fiber glass, re 


suddenly released by a solenoid. Projectile speeds 
have been measured as high as 70 m/sec. 

Reflected images of the specimen after impact are 
photographed by the high-speed camera, C, on the 
table. Either 7,000 or 14,000 pictures per second 
can be taken depending on which of two Fastex 
cameras is used for this purpose. 

Other parts of the equipment shown in figure 1 are 
the control unit, CU, which puts timing pips on the 
film and triggers the hammer when the camera is up 
to speed, the five 750 W flood lamps, L, for illuminat- 
ing the specimen, the mirror, M, for reflecting the 
image of the specimen into the camera, and the box, 
B, for catching the projectile. 

Figure 2 shows a closeup of the specimen, specimen 
table, projectile, hammer, and driving springs. The 


shapes that the specimen assumes after impact, as 
recorded by the camera, are shown in figure 3 for a 
typical varn specimen. 





FIGURE | Apparatus for impacting yarn specimens trans- 
versely. 
4, Table: H, hammer, C, camera; CU, control unit; L, lamps; M, mirror; B 


catch box. 





3. Analysis of the Data 


When a varn is struck transversel\ by FT projectile 
traveling at a velocity V, a longitudinal straip 
wave ‘is propagated along the varn with velocity ( 
outwards in each direction from the point of impaet | 
(see curve a in fig. 4). In the strained region be. 
tween these wave fronts, the material of the varn js 
set in motion toward the point of impact. This in- 
ward flowing material forms itself into a tent-shaped 
wave with the impacting projectile at the vertex. 
The material forming the tent moves in the direction 
of the projectile with the velocity of the projectile 
The base of the tent propagates outward as a trans- 
verse wave with velocity [ 

The velocity, (7, is a function of the tension, 7. 
and strain, e, in the varn in the region of the trans- 
verse wave front, and of the mass per unit length, Vf 
of the unstrained Varn This relationship, derived 
separately, is given by | 











FIGURE 2. Deta ol uarr mpacting apparatus 


P, projectile; H, har rR oie T | 
Viva € 


$, Yarn specimen; E, 1 
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e FIGURE 5. Film strips showing motion of pro ectile and confiqurations of yarn speciemen during a transverse impae 


} 


Impact occurred between frames | and 2, upper left Strand trand breakage began at frame 19, lower right. Camera speed was 60S4 f1 es per second, Du 
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where (7 is in Lagrangian coordinates.’ The trans- 
verse Wave always propagates more slowly than the 
longitudinal strain wave. 

When the varn specimen is clamped at two pomts 
equidistant from the point of impact, reflections of 
the longitudinal strain wave will alternately occur 
at the clamps and at the projectile. At these reflee- 
tions the local strain increases by small increments. 
After several of these re flections have occurred and 
before the rupture strain is attained, the transverse 
wave front usually arrives at the clamp. As the 
material forming the tent moves in the direction of 
the projectile and with the velocity of the projectile, 
it is apparent that the arrival of the transverse 
wave at the stationary clamp is equivalent to a 
new impact giving rise to a new longitudinal strain 
wave as well as a new transverse wave 

It is appropriate to consider this behavior as a 
reflection of the transverse wave at the clamp. This 
reflection is manifested by a marked change im the 


configuration of the specimen, a sudden increase in 
local strain, and a sudden increase in transverse 
wave velocity. A. similar reflection occurs when 
the transverse wave arrives at the projectile. 


occurs in the configuration 
of the specimen, together with a sudden increase m 
local strain and a sudden increase in transverse wave 
velocity. These effeets are readily discernible in the 
series of pictures taken with the high-speed camera, 
figure 3, and in the typical successive configurations 
a, b, e, figure 4. In addition to the phe- 


Again a marked change 


and a in 


nomena just deseribed, interactions will also take 
\ Lagrangian system of coord t fixed to the specimen, moving and 
stending with it For examplk th work the "h ngths /; and / in figure 4 
re tra ed to the Lagr n coordinate lengths L; and L2 by the expre 
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between the longitudinal and the transverse 
waves. This complex behavior will be described 
in future papers in this series. It has also been 
considered theoretically by Craggs [4]. 

The photographic data, such as that shown in 
figure 3, are analyzed as follows: The positions of 
the transverse wave front, the projectile, and clamp 
for one side of the yarn specimen are measured 
from enlargements obtained with a microfilm reader, 
and configurations of the specimen are drawn on 
graph paper. The lengths LZ, Z,, and Ly, as defined 

1 figure 4, are then measured for the configuration 
pa eect Ao to each frame of the photographic 
record, and €, in the specimen 


place 


the average strain, €, 
is computed from the formula 


- L, T | L 
€ . (2) 
L 
From these length measurements the positions of 


the transverse wave front, given by £2 in Lagrangian 
coordinates are calculated for each frame. The dif- 
ferences between values of £, for successive frames 
are plotted each midpoint between these frames, 
and from the curve obtained the value correspond- 
ing to each frame is read off. Velocity [7 is equal 
to the product of this quantity by the camera 


speed in frames per second, The tension in the 
specimen is then found from the formula ‘ 
T=U?M (1+ 6). (3) 


If 7 is expressed in terms of the more familiar 


textile unit of grams per denier, and U’ is in centi- 
meters per second, the equation for tension is 
T=1.134X10-°U*(1+-€) (4) 


Typical data from a test with a nylon specimen are 
shown plotted in figures 5 and 6. Curve A of figure 5 
is a plot of average strain, €, versus frame number. 
The curve is scalloped with abrupt changes in strain 
occurring at each reflection of the transverse wave 


(designated by R). The rate of straining increases 
as the strain increases, causing the stress-strain 


curve obtained to have a steeper slope at rupture 
strain than it would have had if the sample had been 
elongated uniformly at the initial rate. 

Elongation at break is estimated from several 
considerations. Frequently the specimen is seen to 
break. Often the transverse wave velocity decreases 
abruptly or the configuration of the specimen be- 
comes irregular, indicating a decrease in tension. 
Breaking frequently occurs upon reflection of the 
transverse wave. ‘The time of break can usually be 
localized to within one frame. 

Curve B of figure 5 is a plot of transverse wave 
velocity in centimeters per frame versus frame 
number. This curve is also scalloped, velocity 
increasing as the tension increases. The character 


In using this equation, the local strain at the transverse wave front should be 
used instead of the average strain, ¢. This local strain differs at most from the 
iverage strain by the magnitudes of the local strain pulses traversing the speci- 
1" At the projectile velocities used in the tests of this paper these strain pulses 


ire small and the approximation made is warranted, 
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TABLE 1. Transve 
Impact Specimen 
Pest velocity length Rate of straining 
nN sé&¢ cm o/ 8€C 
“1 5.3 60 1,500 to 7,000 
71 43.0 oo 1,000 to 5,000 
yop) LH 4.9 4) 2,000 to 9, 500 
~"“ RH 144.9 4) 2,000 to &, 500 
oyp/ LH 412.2 40 2,000 to 8, 000 
. (RH 42.2 40 2,000 to 6, 500 
- pil 42 10) 2.000 to 6,000 
; LRH 42 10) 2,000 to 8, 500 
INT 65. 7 OO 2,500 to 9, 500 
191 iH. 4 oo 2, 00 to ¥, 000 
| gf LH 62. 5 10) 4. 500 to 12. 500 
iRH 62. ! 4) 4,000 to 12, 500 
Tae H (4. 2 1) 4,000 to 14, 500 
dg 64. 2 40) 4,000 to 14, 000 
»Ny 
Art ) I ster Specimens were 
77 T, the lengths were 


for the segments on each side of the mpacting projectile 


| of the seallops indicates how the tension depends 
upon the local strain. 

The dotted line stress-strain curve in figure 6 is 
obtained by plotting data taken from figure 5. The 
scallops are due principally to use of the average 
strain, €, in the plotting and the calculations, rather 

| than the local strain at the transverse wave front. 
The strain just before reflection of the 
transverse wave (indicated by R) most closely 
approximates this local strain. The smoothed 
stress-strain curve, shown as a solid line, is drawn 
through these points 

As an indication of the reproducibility of this 
method for obtaining stress-strain curves, data from a 
number of tests on nylon varn specimens are pre- 
sented in table 1. It is evident from these data that 
if duplicate tests are made with transverse impact 
velocits and specimen length kept constant, the 
values obtained for breaking tenacity, breaking 
strain, and initial modulus are in good agreement 
\oreover these properties are not affected greatly 
by the range of impact velocities and specimen 
lengths used in these tests. 

In table 1, tests 6T and 7T, in which the specimen 
half-length, Z, 30 cm, have an average breaking 
time of 3.8% 10% see and an average breaking strain 
of 14.6 percent. The corresponding average rate of 
straining is roughly 4,000) percent per second. 
Similarly for tests 42T, 747, and 75T, in which LZ 
is 20 em, the average rate of straining is 5,500 per- 
| cent. per second. Of the tests conducted at 

msec, IST and 19T, for which ZL 30 cm, have 
average rate of straining of 5,500 percent per 
second, and 767 and 777, with LZ 20 em, have an 
average rate of straining of 8,500 percent per second. 
Curves of average data for the four tests just de- 
scribed are plotted in figure 7. These four curves 
do not differ greatly so the curve of average data 
lor all the tests listed in table 1 a be considered 
representative. This curve is plotted in figure 8, 
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impacted transversely midway between clamps 
ufficiently short that the entire specimen could be photographed and separate analyses made 
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rse impact data for high-ltenacity nylon * 


Time to Initial Breaking Breaking 
break tensile strain tenacity 
modulus 

SEC g/denier Q g/denier 
3. 73X10 nO 14.8 7.50 
3. 92 65 14.4 7. 10 
2. 62 nO 15.0 7. 60 
2 62 60 14.7 6. 10 
2. 59 5O 13. 2 8. 60 
2 59 Mw 13.1 7.10 
2.74 50 15.5 &. 70 
2. OS a) 14.5 7. 85 
2.70 65 15.0 7.10 
2. 67 60 15.3 6. 80 
1.74 Ho 14.8 &. 20 
1. 74 65 14.8 9. 20 
1,83 60 15.6 7.40 
1, 83 65 15.7 6.75 


tested was duPont type 300, 5 ply, 210 denier per ply, 3 Z twist, 1085 denier total, obtained from U, 8, 


In tests 42T and 74T to 


and the rate of straining assigned is 5,000 percent 
per second, 

The stress-strain curves for nylon at low rates 
of straining, plotted in figure 8, were obtained with 
an Instron tensile tester. These curves are average 
data from five tests each on specimens 10 in. long. 
The specimens were conditioned and tested at a 
temperature of 72° F and relative humidity of 50 
percent. (The temperature and humidity in the room 
where the transverse impact tests were made were 
not controlled.) 

Similar data for Fortisan and Fiberglas are pre- 


sented in figures 9 and 10 and in tables 2 and 3. 
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Table 4 summarizes the average data characterizing 
the curves plotted in figures 8, 9, and 10.) In com- 
paring the data for nvlon, Fortisan, and Fiberglas 
is seen that in each case increasing the rate of strain- 
nie tends to make the slope of the Stress-straiuhn curvy 
steeper at the Origin: 1. ew, mecreases the initial tensile 

. modulus In addition the initial linearity of ti 
stress-strain curve persists up to increasingly lary 
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Thermal Expansion of Polytetrafluoroethylene 


(Teflon) From -190° to +300° C 


Richard K. Kirby 


The 


lime 


ar thermal expansion of four samples of Teflon was determined. 
annealed Teflon are indicated in a plot of the expansion versus temperature 


The results for 
and in a table 


190° to +300° C. The effect of 


internal residual stresses on the expansion of Teflon was studied and found to be considerable. 


listing the average coefficients of linear expansion from 
The first-order transitions at 20° and 30° C 
eXpansion versus temperature 
1. Introduction 
Polytetrafluoroethylene (Teflon), |—CF,—CF.—],, 


isa thermoplastic resin that is made by poly merizing 
tetrafluoroethvlene, CF.--CF», at high temperatures 
and pressures [1].'. The carbon and fluorine atoms in 
the long molecules of Teflon are arranged in the form 
of a helix, a full 360° twist every 26 carbon atoms 
along its length [2] 

Above 330 Teflon is transparent and is in a 
state similar to that of a liquid, in that it is free of 
strain and has no erystalline structure [1, 3]. At 
about 325° C, Teflon starts to crystallize on cooling 
and becomes opaque and waxy in appearance [3]. 
X-ray diffraction patterns indicate that the orienta- 
tion is parallel with the axes of the molecules (two- 
dimensional) and that the erystallization continues 
until the temperature is slightly above room tempera- 
ture [2]. At about 30° C a first-order transition occurs 
4, 5), which is probably due to small and unequal 
longitudinal displacements of the molecules [2]. At 
20° © a much larger first-order transition 
occurs [4, 5, 6), which is probably due to a rotation of 
the molecules around their axes [2]. The expansion 
due to the transitions at 20° and 30° © is reversible 
on heating and cooling if the temperature is slowly 
changed. A slight hysteresis will occur during rapid 
heating, and a large hysteresis will occur during rapid 
cooling [4]. At temperatures below 15 X-ray 
diffraction patterns indicate a three-dimensional 
orientation [2] 

Because the long polymer molecules are not 
straight over their entire length, the structure of 
Teflon is never completely crystalline. Instead, only 
small regions of the structure are crystalline where 
straight sections of a group of molecules come to- 
gether in parallel alinement. These small crystalline 
regions are scattered throughout the material and are 
tied together in a random fashion by the long mole- 
cules that pass through two or more of them [1]. 

Teflon has a very outstanding chemical stability 
1,3]. At room temperature it is not affected by any 
of the usual inorganic acids or by organic solvents 
and is attacked only by the alkali metals and fluorine 
or fluorine-forming compounds at high temperatures 
Teflon is also an outstanding elec- 
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and pressures, 
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clearly shown in a plot of the coefficients of 


high-voltage or ultra-high-fre- 
Because of its very low 
coefficient of friction very few substances will stick 
to it, and it can be used as an oil-free bearing. Teflon 
has one of the highest thermal stabilities of any 
known polymer, maintaining many of its useful 
properties up to 300° C. It volatilizes at a very slow 
rate below 400° [8], but, because of the toxicity of the 
gases evolved, sustained temperatures of over 200° C 
should not be used without proper ventilation. 

Although several investigations of the thermal 
expansion of Teflon have been made, only two of 
them have been published [4, 9]. These publications 
were mainly concerned with the abnormal behavior of 
Teflon around 20° and 30° © and only reported 
single values for the coefficients of expansion imme- 
diately below and above these temperatures. The 
purpose of this investigation is to report reliable 
values of the linear thermal e xpansion of Teflon over 
as wide a range of temperature as practical for this 
material. The results are given in two figures and a 
table. 


insulator for 
quency applications [7]. 


trical 


2. Samples and Experimental Procedure 


Four samples of Teflon were investigated, as indi- 
cated in table The coefficients of linear thermal 
expansion that are re ported for these samples were 
determined after the samples had been annealed by 


heating to about 350° C and cooling slowly. The 
values for the density of the samples listed in table 
1 were also determined after annealing. The varia- 


tions between the densities are probably due to 
differences in forming techniques (pressure, temper- 
ature, and length of time of the molding or extruding 


process) [9]. 
TABLE | Description of Teflon samples investigated 
Density at 
Sample ® Method of forming Length Diameter 25° C 
(annealed 
min mim gocm 
\ Extruded 76 12.7 2. 162 
B do 118 9.5 
© do 300 19.0 2. 180 
1) Molded 119 19.0 2.12 
* Samples A, B, C, and D have laboratory numbers 1867, 1871, 1868, and 1853, 








A time-temperature curve was obtained on sample 
A on both heating and cooling and a single transition 
was located at about 323°C. This temperature is 
in accord with previous investigations [1,3] 

The fused-quartz tube and dial-indicator method 
ILO} was used for the linear expansion tests on sam- 
ples A, B, and D. The dial indicator was graduated 
0.0001 inch. The weight of the fused-quartz 
rod and the spring in the dial indicator produced a 
of about 150 grams on each sumple in the 
direction of its axis 

The linear expansion of sample © 
with the precision micrometric method 
apparatus the sample is in a horizontal 


to 
iorce 
Wwias det rmined 


LO In this 


position 











below room temperature 
ice, dry ice, 
of the observations of 


The cubical expansion of a sample 


100 mm long 


cut from the same rod as sample C was determined 


with a hydrostatic weighing method 


11] 


The temperatures of the samples were measured 
with a thermocouple placed ina hole near the center 
of each sample, except in the cubieal CNPAUSLON test 


where a thermometer was used to measure the tem- 


perature of the water near the sample. 


the temperature ol the sample Was Colistant 


were 


expansion 
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3. Results and Discussion 


this investigation not only were 
expansion made on 


Course of 
observations of 


In the 
of the 
sample A but they were also made over a much wider 


most 


temperature range than on the other samples. 
Figure 1 shows the curve for the linear expansion of 
sample A from 190° to 300° C in the 
annealed condition and the curve for its correspond- 
ing coeflicients of expansion. The points to which 
the expansion curve was fitted, as indicated in the 
figure, are averages of the actual observations and 
are plotted as the expansion from an arbitrary zero 
at 25 > This te mperature was chosen because it 
s located about midway between the transitions at 
99° and 30° C, 

The curve representing the coefficients of expansion 
versus temperature was obtained by calculating the 
average coefficients between the actual consecutive 
observations of expansion and correcting them so 
that they represent the true thermodynamic coeffi- 
cients of linear thermal expansion a=(1/L) (dL /dt), 
where JZ is the length at ¢° C This curve shows 
quite clearly the first-order transitions at 20° and 
30° C and also indicates the great increase in the rate 
of e Xpi insion at te mperatures approac ‘hing the transi- 
tion at $23° C, 

The results of the expansion measurements on all 
four samples from 0° to 110° C in the annealed 
condition are shown in figure 4 The curve repre- 
; expansion ol sample A and is the same as 
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in figure 1. 
of all four 


Figure 2 indicates that the expansions 
samples are comparable. In fact, their 
expansions can be shown to be equal within the 
experimental error found in the measurements of 
expansion of sample A alone. 

It was found during the course of this investigation 
that the length and thermal expansion of Teflon are 
greatly affected by residual within the 
samples. This was demonstrated by comparing the 
expansion and/or length of each sample in the 
annealed condition with their corresponding proper- 
ties in a strained condition. 

After sample )) had been annealed it was machined 
from a 0.75-inch diameter to a 0.58-inch-diameter 
rod. This treatment apparently had the effect of 
stretching the sample because after a second anneal- 
ing it was found to be shorter by 1.9 percent. The 
effect of this induced strain was to decrease the rate 
of expansion by about 14 percent, 

Samples A and C were found to be 7.4 and 4.9 
percent longer, respectively, in the annealed condi- 
tion than they were in their extruded conditions. 

Before sample B had been annealed its expansion 
was determined from 0° to 35° C and was found to 
be 20.9 percent lower than it was after it had been 
annealed. Correspondingly its length was found to 
percent longer. After it had been annealed 
and the expansion determined, the sample was 
heated to about 300° C with an axial pressure 
sufficient to cause it to be permanently shortened by 
1.2 percent. Its expansion was again determined 
from 0° to 35° C and was found to be 9.2 percent 
larger. After a second annealing the length and 
expansion of the sample were found to be approxi- 
mately what > v had been after the first annealing. 

The change in length of Teflon due to the transi- 
tions at 20 ste 30° C is about 0.24 percent. This 
value was obtained by constructing the tangents to 
the expansion curve immediately below and above 
these transitions and determining the difference 
between them at 20° C. This value is not in good 
agreement with the values of Rigby and Bunn [9] 
and Quinn, Roberts, and Work [4]. The- former 
reported a change in volume of about 1 percent (0.3 
length) due only to the transition at 


stresses 


be 7.2 


percent in 


20° C, and the latter reported a change in volume of 
1.23 percent (0.41 percent in length) due to both 
transitions. The above differences could be ex- 


plained if their samples were more crystalline than 
the ones used in this investigation. A partial 
explanation can be based on the effect of residual 
stresses in their samples as they apparently were not 
annealed, 

Table 2 gives the average coefficients of linear 
thermal expansion of Teflon in the annealed condition 
between 25° C and various other temperatures from 

190° to +300° C. These coefficients of expansion 


were calculated with the expression a@gyg== (,— L»;) 
[L.;(t—25)] in which Z, is the length at ¢° C, and 
i... is the length at 25° C. The error of these 
average coefficients, estimated from repeated 
measurements, is about +3 1078/° C, 








TABLE 2 Average coefficients of linear thermal ¢ rpansion of 
Teflon in the annealed condition (sample A 


emperature Coetlicient of 
range pansion px 
gree ( 
( 
25 to 100 ll l 
25 te 150 TT 
2h te 1OO 112 
25 to 0 13 
2Z5to0 a) 
25 to 4 124 
25 to 100 124 
25 to 150 135 
25 to 200) 15 
25 to 260 174 
> te 2M IS 


The author gratefully acknowlede¢es his indebted- 
ness to P. Hidnert for his advice and encouragement 
during the progress of this investigation, 


WasHiIncton, March 6, 1956. 
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Research Paper 2697 


‘Preparation of D-Arabinose-5-C" From D-Glucose-6-C“ 
Horace S. Isbell, Nancy B. Holt, and Harriet L. Frush 


p-Arabinose-5-C™ has been prepared from p-glucose-6-C™ by 


p-gluconic-6-C™ acid, followed bv a 


vield, 58 pereent, 


1. Introduction 


Improved methods for the synthesis of p-glucose- 
§-C" [1, 2, 3] 7 have now made this radioactive sugar 
available as a starting material for conversion to 
other sugars and related products. A previous re- 
port from the Bureau [4] described the preparation 
from p-fructose-1,6-C". The 
method involved oxidation of p-mannitol-1-C'! by 
Acetobacter suborydans to p-fructose-1,6-C™, alkaline 
oxidation of the fructose to p-arabonie-5-C"™ acid, 
and sodium amalgam reduction of the corresponding 
lactone to p-arabinose-5-C''. Because the alkaline 
oxidation removed 50 percent of the activity, the 
over-all radiochemical vield from the p-mannitol- 
1-C" was low (about 36 percent). 


of p-arabinose-5-C'* 
j 


2. Discussion 


p-Arabinose-5-C'! has now been prepared from 
p-glucose-6-C'' by bromine oxidation to p-gluconic- 
6-C" acid |5}, followed by degradation of the corre- 
sponding calcium salt to the lower sugar, D-arabinose- 
5-C' by the method of Ruff {6, 7]. The method in- 
volves the separation of no crystalline intermediates, 
is less complicated than that previousl\ reported, 
and gives a higher radiochemical vield (58 percent 
of the p-glucose-6-C!! 


3. Experimental Details 


One millimole (180 mg) of p-glucose-6-C™, having 
an activity of 230 we, and 600 mg of barium benzoate 
were added to 7.5 ml of water contained in a test 
tube equipped with a glass-covered magnetic stirrer. 
In order to obtain a saturated solution with respect 
to barium benzoate, the mixture was warmed slightly, 
and then cooled in ice water. By means of a micro- 
pipet, 0.1 ml of bromine was added; the tube was 
stoppered, and the mixture, protected from light, was 
stirred for 1 hr and stored at room temperature for 
244hr. Water and excess bromine were then evapo- 
rated in the dark under a gentle stream of dry air. 
The residue was dissolved in 10 ml of water, and the 
solution was treated with approximately 2 millimoles 


Part of a project on the development of metho for the production of radio- 
tit ' . t vy Commission 


t the end 





of the paper 


Ruff degradation of the calcium 
was obtained without the separation of any intermediate products. 
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oxidation to 
The over-all 


bromine 
salt. 


of freshly prepared silver carbonate.’ The mixture 
was stirred vigorously for 15 min, the silver bromide 
and excess silver carbonate were removed by filtra- 
tion, and the combined filtrate and washings were 
passed through a column containing 15 ml of cation 
exchange resin.’ The acid effluent and an excess of 
calcium carbonate were heated in a boiling water bath 
for 30 min. After removal of excess carbonate by 
filtration, the solution of the calcium salts was con- 
centrated under an air stream, and finally adjusted 
to a volume of 5 ml. Two-tenths milliliter each of 
barium acetate (9 ¢/100 ml) and ferrous sulfate 
(9.2 ¢/100 ml) were added, and finally 0.1 ml of 
30-percent hydrogen peroxide. The mixture was 
kept at 45° C for 1's hr, treated again with 0.1 ml of 
hvdrogen peroxide, and allowed to stand at room 
temperature over night. The dark brown solution 
was filtered with a small amount of decolorizing 
carbon, and the filtrate was passed through 50 ml of 


mixed cation and anion ® exchange resins. The 
efluent contained chromatographically pure — pb- 


arabinose having an activity of 135 we. This is a 
vield of 58 percent of the parent sugar, p-glucose-6- 
("After lyophilization, p-arabinose-5-C™ crystal- 
lized readily on addition of a few drops of 1:1 
methanol-ethanol. 
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A solution of 680 mg of silver nitrate in 20 ml of water was added, with stirring, 
to 20 ml of water containing 350 mg of sodium bicarbonate After effervescence 
had ceased, the precipitate was collected on a filter, thoroughly washed with hot 
water, and transferred, while moist, to the sugar preparation, 

‘ Amberlite I[R-120, Rohm & Haas Co., Philadelphia, Pa. 
In a separate preparation, benzoic acid was removed at this point by ex trac- 


tion with chloroform, and the subsequent oxidation was carried out in a volume of 
2 ml. However, the radiochemical yield was not improved, and hence the 
removal of benzoic acid is unnecessary. 

Duolite A-4, Chemical Process Co., Redwood City, Calif, 


WASHINGTON, April 5, 1956. 
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Herman F. Shermer 
Phe thermal expansions of a number of binary lithium, sodium, and potassium silicate 
vlass ire reported over the temperature range from room temperature to their deformation 
point The expansivities of the glasses increased with increasing alkali oxide concentration. 
These expansivities were used to calculate density values, which were correlated with density 
menusurements in the liquid range \t room temperature the density of each series increased 
vith inereasing alkali oxide concentration. With increasing temperature, the density- 
emperature curves for each binary series crossed each other and the density-concentration 
order was reversed. This reversal occurred in the lowest temperature range for the lithium 
silicates, in an intermediate temperature range for the potassium silicates, and in the highest 
emperature range for the sodium silicates. 
1. Introduction The measurements of thermal expansion were 


The thermal expansivity of fused silica and of 
many binary alkali silicate glasses has been studied 
previously by various investigators using a variety 


ol methods Karkhanavala 1| has compiled the 


results of many of these investigations. Most of 
these studies were concerned with a single binary 
system of glasses, mainly Na,O-SiQ,. The present 
mvestigation Was conducted to show the effect of 
concentration of alkal oxide on the thermal eCX- 
pansivitv of binary silicate glasses. The alkali 


oxides studied were lithium, sodium, and potassium. 
The present results are part of a continuing study of 
various properties of binary alkali silicates. The 
properties measured previously include surface ten- 

2| and com- 


sion [2], density, CXPANsiVILV, VISCOSIEN 33], 
paper on the 


pressibilityv. [4]. This the second 
thermal expansivity of some selected binary glasses, 


and follows one concerned with the binary alkaline- 


is 


earth borate glasses [5 


2. Preparation of Glasses and Method 
of Test 


The glasses used in the present investigation were 
made for the investigations of surface tension [2] and 
VISCOSILN 3 | The later remelted for the 
compressibility study |4 Following the compres- 
sibility study a portion of each glass was removed 
lol The siliea was determined cravimet- 
rically in each case by fusing a sample with sodium 
treating with hydrochloric acid, and 
removing the silica by thre usual double-dehvdration 
The amount of silica thus obtained was 
corrected for possible impurities by volatilization 
with hvdrofluori The alkali content of each 
sample yy difference. After the 
sample was cut for analysis, an adjacent portion of 
each compressibility sample Was cul off and shaped 
nto a thermal CX Pasion specimen 5]. Refractive 
ndex measurements made on the compressibilits 





were 


analysis 
carbonate. 
procedure 


acid 


was cnaleulated 


specimens before and two days following compres- 
sibility measurements indicated that no permanent 
deformation occurred 
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made by the interferometer method [6]. The furnace 
was heated at a rate of about 2 deg C per minute 
from room temperature through the deformation point 
of the sample under test. The interference fringes 
were recorded on photographic film and the results 
were read from this film. 


3. Results and Discussion 
3.1. Fused Silica 


thorough discussion of the thermal ex- 
fused silica found in the book by 

A more recent compilation of the data 
concerning the thermal expansion of fused silica 
was made by Karkhanavala [1]. Beeause fused 
silica an end member of the systems studied, 
its expansion was measured from room temperature 


A very 
pansion of 
Sosman {7} 


Is 


Is 


to 825° C. The results of this work are given in 
table 1. The density points in figures 2, 4, and 6, 
at 25°, 900°, 1,000°, and 1,100° C on the fused-silica 


curve, are those of Sosman [7]. 


3.2. Lithium Silicates 


The results of the measurements of the thermal 
expansion of the lithium silicate glasses and the end- 
member fused silica are given in figure 1 and table 
1. There is an increase in expansivity with increas- 
ing concentration of lithium oxide and with increasing 
temperature from room temperature to the defor- 
mation points [8]. Table 1 shows that the deforma- 
tion-point temperatures decrease slightly with in- 
creasing lithium oxide content. 

Figure 2 shows the density-temperature curves for 
fused silica and the binary lithium silicates. The 
lower temperature portions of these density-tempera- 
ture curves were calculated from density measure- 
ments at room temperature [4] and the thermal 
expansion data. This figure also includes density 
data that were obtained previously in the liquid 
range [3]. Although it was not possible to obtain 
density values between the deformation points and 
1,100° C, dashed lines are shown that connect data 
obtained on the same composition. X-ray data on 
other glasses in this range do not indicate any maxi- 
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ma, minima, or discontinuities, and therefore the 
general form of the curves is believed to be reason- 
able. The density values at room temperature 
generally increase with increasing concentration of 
ithium oxide (except perhaps between 37.9 and 39.6 
mole percent of LO), whereas at 1,100° C, and 
the reverse is true. As these reversals occur 
region their temperatures are 


above, 
the unmeasured 


in 
meertain 


3.3. Sodium Silicates 


The thermal expansivity data for the binary 
codium silicate glasses are given in figure 3 and table 1 
Although the thermal expansion of this series of 
glasses has been measured several times by a variety 
of methods and with slightly varying results [1], 
neluding one time by Schmid, Finn, and Young {9}, 
twas thought advisable to repeat this work so the 
conditions of measurement would be comparable 
with the other series of glasses studied in the present 

vestigation. The present determination also per- 
mitted direct comparisons on the same compositions 
with data previously obtained in the liquid range [3]. 

The expansivity of the binary sodium 
classes increased with Increasing sodium oxide con- 
tent The deformation port temperatures dle- 
creased with increasing sodium oxide content 

Figure 4 is similar to figure 2 and shows the den- 
sitv-temperature curves for the binary sodium sili- 
and liquids. The density values at 


silicate 


ate glasses 





Kiet RE 3. Linear thermal ex pan- 
binary sodium silicate 


glasses ee 


Sion or 


room temperature increased with increasing con- 
centration of sodium oxide. The order of these 
curves remains unchanged up to about 1,250° C. 
In the region from 1,250° to 1,400° C the curves 
cross one another. Although one might expect, on 
the basis of additive property factors [10], that the 
curves would cross at a point, this does not seem to 
be the The density-temperature curves for 
the sodium silicates crossed in a higher temperature 
range (1,250° to 1,400° C) than did the curves for 
the lithium silicates (500° to 1,100° C) 


cause, 


3.4. Potassium Silicates 


The thermal expansivity data for the potassium 
silicate glasses are given in figure 5 and table 1. 
Figure 5 shows the thermal-expansion curves, and a 
comparison of these curves shows an increase in 
expansivity with increased concentration of potas- 
sium oxide. Figure 5 also shows three curves for 
the glass contaming 17.3 mole percent of K,0. The 
additional data were obtained because the first de- 
termination (curve A) disclosed a decrease in the 
slope of the expansion curve just prior to the rapid- 
expansion region. This decrease was probably 
indicative of strain [11] and was removed by re- 
annealing. This strain was not readily detected in 
the polariscope. Curves A and B were obtained 
from separate specimens of glass cut from the com- 
pressibility. sample. Curve C > shows the results 


PP a 


FiGuRE 4 Densities of binary sodium silicate glasses and 
liquids and fused silica as a function of temperature. 


Density values in the liquid range were derived from data from Shartsis, 
Spinner, and Capps [3] and density values for fused silica are from Sosman [7] 
Solid lines are drawn from experimental data, and dashed lines are included to 
connect experimental data obtained from the same composition. 
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Figure 5. Linear thermal expan- 
sion of binary potassium silicate 
glasse &, 

The three curves for the glass containing 


17.3 mole percent of K2O are: A, sample 1; 
B, sample 2; and C, sample 2 reannealed 


after the second specimen, B, was reannealed by 
allowing it to cool in the expansion furnace over- 
night. This heat treatment of the glass was suffi- 
cient to remove the decrease in slope in the expan- 
sion curve. The curves for the other glasses shown 
in this figure are those of similarly reannealed sam- 
ples. The results of all determinations are included 
in table 1 and a comparison of the data shows the 
reproducibility of the coefficient of expansion of two 
specimens of each of two glasses (17.3 and 27.8 mole 
percent of K,O) and the change in coefficient of ex- 
pansion caused by the reannealing. 

Figure 6 shows the density-temperature curves for 
the binary potassium silicates. Values previously 
determined in the liquid range are included. These 
curves are similar in arrangement to those for the 
lithium and sodium silicate series. Although the 
exact crossing points of the curves were not deter- 
mined, they seem to be higher than those of the 
lithium silicates and lower than those of the sodium 
silicates. The curve for the 17.3 mole percent of 
K,O composition crosses the others between 1,050° 
and 1,150° C, and the other curves seem to cross each 
other about 150 deg C lower. 


3.5. Comparison of the Thermal Expansivity of 
Binary Alkali Silicate Glasses 


The average coefficients of expansion of the binary 
alkali silicate glasses from 50° to 400° C as a function 
of composition are shown in figure 7. The results of 
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Figure 6. Densities of binary potassium silicate glasses and 
liquids and fused silica as a function of te m perature, 


Density values in the liquid range were derived from data from Shartsis, 
Spinner, and Capps [3] and density values for fused silica are from Sosman {7 
Solid lines are drawn from experimental data, and dashed lines are included to 
connect experimental data obtained from the same composition. 








r T a T T T T T a 
c a Fo } 
16 Pp 4 
~ 
, 
% r 
¢ , 9 _{ 
- Z Y “i 
z ; “4 
o'r é6é AA > | 
: ad 
z 
. — 
a r & , 
e. , 
= A 
- A 
s | ‘ 
] 
= =i 
_ a } 
z | 
ae 
4e = 
o } 
uw 
_— 
w es 4 
oO SiO», 
oO a - 
a | 
0 ee EE ee wall ansiion 1 == = ! add 
0 10 20 30 40 


Figure 7. Average coefficient of expansion of binary 
alkali silicate glasses and fused silica for the tempera- 
ture interval 50° to 400° C. 

The triangles indicate lithium glasses; squares indicate sodium gl ASSES; 
ind circles indicate potassium glasses, Closed figures indicate results of 
the present investigation These points represent data for a heating 
rate of 2deg C/min. Open figures indicate results of Dietzel and Shey- 


bany [11]. Their data were for the temperature interval from room 
temperature to the transformation point, with a heating rate of 2 to 3 
deg C/min. 





100 


th 
fig 
Di 
$0] 
th 
to 


Co 


a © 


EO ee 


ote: 


8s and 


hartsis, 


nan [7 
ided to 


the present investigation are indicated by the closed 
fgures. ‘The results of a similar investigation by 
Dietzel and Sheybany [12] are included for compari- 
con. Their results are not truly comparable, as 
their temperature range was from room temperature 
to the “transformation point,” which varied with 
composition and had values from 430° to 489° C. 
The results in figure 7 indicate an approximately 
linear relationship between coefficients of expansion 
and composition. It would be possible therefore 
to obtain additive expansivity factors such as those 
compiled by Sun and Silverman [10]. It is doubtful, 
however, if these factors would apply to other types 
of glasses. A comparison of the curves for the three 
binary alkali silicate series indicates that at com- 
parable concentrations the potassium silicate glass 
has the highest expansivity followed in decreasing 
order by the sodium and then the lithium glasses. 


4. Summary and Conclusions 


The thermal expansivity of glasses in three binary 
alkali silicate series was measured. The expansivity 
of the binary glasses increased with increasing con- 
centration of lithium, sodium, or potassium oxide. 
The densities determined from these results were 
correlated with density values obtained previously 
in the liquid range in order to study the expansion 
over a greater temperature range. The change in 
density per degree Celsius for any given composition 
was greater in the liquid range than in the solid 
At room temperature the densits of each 
with increasing alkali 


range. 


series of increased 


glasses 


oxide concentration. The density-temperature 
curves for each series crossed each other and the 
densitv-concentration order was reversed. This 


crossing occurred in the lowest temperature range 
for the lithium silicates, in an intermediate temper- 
ature range for the potassium silicates, and in the 
highest temperature range for the sodium silicates. 
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Investigation of an Alternating-Current Bridge for the 
Measurement of Core Losses in Ferromagnetic 
Materials at High Flux Densities 


Irvin L. Cooter and William P. Harris 


The ise of bridge methods for 


measuring 
generally been restricted to measurements at low flux density 


core ferromagnetic materials has 


However, accurate values 


losses in 


can be obtained at higher flux densities if they are corrected by the application of a term 


derived from. the 


harmonic components of the exciting current. 


This correction term is 


obtained by considering the ferromagnetic material to absorb energy from current and 


voltage at the fundamental frequenes 


frequencies 


1. Introduction 


A knowledge of the total core loss and its com- 
ponents is of vital importance to design engineers 
who use ferromagnetic materials that are subject to 
changes in direction or magnitude of magnetic flux. 
Generally this information is obtained from measure- 
ments made on strip samples in an Epstein frame, 
ising a wattmeter. In many cases, however, there 
are certain advantages, such as increased sensitivity 
and greater frequency range, in making these Joss 
measurements by a bridge method. For measure- 
ments at low inductions (flux densities) and at high 
the bridge methods have been used 
successfully for several vears [1, 2].' However, at 
inductions above 10 to 12 kilogausses in nonoriented 
silicon lt IS kilogausses in oriented 
silicon steels, the distortion in the wave form of the 
exciting current is considerable, and it has been found 
that the results obtained with the bridge methods 
hitherto differ from those obtained with the 
wattmeter. This difference increases rapidly with 
in induction, the bridge method always 
indicating larger power losses. 

The discrepancies between results obtained at high 
flux density by the two methods have been attributed 
harmonic components in the exciting current, 
which result from the nonlinear element (iron-cored 
coil) in the circuit. Several attempts [3, 4, 5, 6, 7] 
have been made to resolve the differences and 
obtain a method for correcting the bridge results in 
order to determine the actual power loss in the iron. 
These investigations have been only partially 
successful The present paper describes a method 
for obtaining a “harmonic” correction term for the 
bridge that results in excellent agreement ia core-loss 


irequencies, 


steels or to 


used 


Increase 


to 


to 


measurements between the bridge and wattmeter 
even when the flux density is high. 


and 


to 


return energy to the circuit at harmonic 


1.1. Wattmeter Method 


The generally accepted way of measuring total core 
loss in sheet material at power frequencies is by the 
Epstein method as specified by the American Society 
for Testing Materials [1]. The 25-cm Epstein test 
requires flat-rolled material cut into strips 3 cm 
wide and at least 28 em long. ‘The strips are assem- 
bled in the four arms of the Epstein test frame, with 
double-lap joints at the corners. The diagram of 
connections for the core-loss test is shown in figure 1. 

The current coil of a wattmeter, W, is connected 
in series with the primary winding of the test frame. 
The voltage coil is connected to the secondary wind- 
ing of the test frame. The average-indicating volt- 


meter is used (1) for determining the maximum 
induction in the specimen in accordance with 


Camilli’s method [8], and (2) in conjunction with 
the root-mean-square-indicating voltmeter for cal- 
culating the form factor of the secondary voltage. 

The wattmeter method is used principally for 
measurements at flux densities above 1,000 gausses. 
The chief limitations of the method are its lack of 
sensitivity for small specimens, and the errors of the 
wattmeter at the higher frequencies. 














Kiet RI ] Connections for core-loss lest, using waltmeter. 
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1.2. Bridge Method 


























Several different types of bridges [1, 2] have been \ 
used for measuring core loss. For the present in- 
vestigation, any bridge capable of measuring the 
impedance of an iron-cored coil could have been used. 

However, for convenience, attention was confined to 
the Maxwell-Wien circuit illustrated in figure 2, in 
which 
RR product arms of the bridge, } 
R,,, Le=measured values of resistance and in- 
ductance of the d (unknown) arm, 
P,, Cy= balancing resistance and capacitance, 
I, =resistance of the source, 
PR, resistance of the leads, contacts, ete., 
D=a detector, tuned to the fundamental 
frequency. | 

The quantities ?,, and Ly are determined from | 

the balance equations oe ‘ 
PR ‘IGURE 2 Varwell-Wien bridge circuit 

(al Ri - and (b) L. R R 4 (1) | en 

th Vi 

aa 

In order to use this bridge circuit for the measure- . 
ment of power loss, the primary of an Epstein test 
frame is connected in the bridge, as shown in figure 3. 

The maximum flux density, Py, is calculated 
from the equation 

Ewve=4f BunaxNA X 1075, ¥ 
where I 
Fg average absolute value of the secondary in 
voltage, 
f—frequency in cyeles per second, 
Bmax = Maximum flux density in kilogausses, 
\V=number of turns in the secondary winding 
of the Epstein frame (700), 
A=cross-sectional area of the terromagnetic A we to 
specimen In square centimeters L-__ — —_— —] x 

The test frame may be represented by a series | Ficure 3. Marwell-Wien bridge ¢ or measuring - 

combination of inductance and resistance, as shown td pie cael a th 


in the equivalent circuit diagram, figure 4, where we 

Balance at fundamental frequency is obtained by 
adjusting ?, and (, so that the tuned detector 
indicates a null. If the imduction in the ferro- 
magnetic specimen is low, and if the output voltage 
of the power source has a negligible amount of dis- 
tortion, the power dissipated in the core is [?R 
However, if there are harmonics present in the power 


R ohmic resistance of the primary winding 
of the frame, 

R increase (relative to an atr-cored coil) in 
the resistance of the primary winding,’ 

La=measured inductance of the primary wind- 


ing 


rhe Grnmge araes are selected so that source, or if the induction is sufficiently high in the — 
R. and R.>R R R ferromagnetic material, the total core loss in the 
material may differ considerably from that  cal- 
The current, 7’, in PR, and P, is therefore negligible as culated from the increase in apparent resistance, | 
compared to the current, /, in PR, and Py. The excit- Ma, and the current, /. 
ing current, 7, depends upon the values of P,, Ry, 
Ly. R., Ry, R.. and E.. If R,, is the total resistance 2. Theory of the Harmonic Correction F, 
of the test frame, then 
7 In order to derive the relationships involved im a 
° R=Ra—R h i Re 2) bridge circuit contaming nonlinear elements, let us | 
h again consider figures 3 and 4. The nonlinear | 
: A mare comoh e consideratio the nature of / ' ection 2 impedance of the Ke psteim test frame causes the N 
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Ky avalent-circuil diagram of the circuit shown in 
Sig wes 


FIGURE 4 


exciting current to be nonsinusoidal. This causes the 
voltage, Vy, across bridge arm d to have a nonsinusoi- | 
dal wave form. If the bridge is balanced at funda- | 
mental frequency, we have 


V. RA Jol? yf ») 
Ve, R, ) 


where Vy, and VV, are the fundamental components of 
the voltage drops across arms dande. As V.=/,9, 
Lk. the impedance of arm d at fundamental 
frequency Is 
P > » 
Z , Va A Ih, T jwl? Re * (4) 
Li R 


It is evident from eq (4) that arm d is equivalent 
toa series combination of resistance and inductance, 
such as Ry, and L, in figure 4. 

The power with arm d is the time 
average of the product of the voltage across d and 
the current in d, or, since the contributions of the 
various harmonics may be separated, we can write 


associated 


. . . 


P Vat Vind + | Viekudt +. ” 


ef « * 


P., PuriteaP ; (5) 
where 
P,,,=power associated with the fundamental 
frequency, 
power associated with each higher har- 


monic, denoted by h. 


From eq (4) we finial 
P,,, / (s h ) Iz; (RR T Ry). 


Now, by the principle of the conservation of energy, 


Pu=PartPa ) 


> (6) 





re Pa aT a h 


4 
where 


P.,=active power supplied by the source at 
the harmonic frequency h, 
power associated with the arm d at the 
harmonic frequency h, 
P,,=power dissipated in resistance ?, at the 
harmonic frequency Ah, where R, 
R.+Rh,+h,. 
As the voltage, /,, of the source has a pure sinu- 
soidal wave form, 


P, h 


Pas Psst +P, (7 
0 Pa rtPr forh>1 . ‘) 
Therefore, for any harmonic greater than 1, 
Pa h a i h Se h R., ( 
8 
Parr ~T5 Af, , 


From eq (8) it is concluded that arm d is delivering 
rather than absorbing harmonic power. 
The total power dissipated in the iron is 


Pa=Par— Pron. 


Using eq (5), we may write 


XN > Xs > 
P4 Pay T > > h ‘R15, -Red> Fan. 
h>l h>l 


Krom eq (S), 
Poss 13, 2.,, 

and as 
er 


li, R, T lai Re, 


Pr, 15, R, R.> > Ti, 


| > 
het Reds Lin. 
h>l h>l 


Or. because 


R, R, T R. T PR, T R.,, 


Pr, I3, Re > & fy... (9) 


h>l 


As the current in 2, and &, is negligible compared 
to the current in arms , and yg, 


La i, 


component of the 
Equation (9) 


where J, is the fundamental 
exciting current in the primary loop. 
may then be written 


Fr. PR, (10) 
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This equation has been derived on the assumption 3. Experimental Procedure 
that the resistance P?, (i. e., Ry, R., Rp, and P,) is 
independent of current and frequency. At power 3.1. Simultaneous Measurements 
frequencies this assumption introduces no significant 
errors with respect to P,, P., and R,. However, the 
resistance of the power source should be examined. 
This was done for the equipment used for this investi- 
gation, and it was found that changes of 7’, due to 
changes of current and frequency were small enough 
to be neglected. 

In words, eq (10) means that the power dissipated 
in the iron core is the difference between the apparent 
power delivered to it by the source at fundamental- 
frequency current, and the power dissipated in the | ?. 


The calibrated wattmeter is very satisfactory and 
accurate at power frequencies, and it is believed to 
measure the true core loss, even with a distorted 
current” The bridge circuit used in this investiga- 
tion was designed to include a wattmeter as Q 
reference instrument. This wattmeter was of the 
electrodynamic type, and had been calibrated ay 
several power factors and for a frequency range of 
60 to 300 eps. The bridge circuit is shown in figure 
The current coil of the wattmeter ts connected 


resistive elements of the circuit due to harmonic- Chere is some doubt concerning the accuracy of the wattmeter under ¢ 
frequency currents. it was noted cariier that the | 0m oO cnreme cer ee eres ee ere nn indicated | 

‘ he wattmeter too sm 4 osses ound in actual expert a re son 
term /j/t, is usually taken to represent Py, the power | higher (10 


loss in the iron core. The second member of the 
right-hand side of eq (10) may be viewed as a 
correction term. This correction term is small in 
cases where the harmonic currents are small, but 
it will be shown later that at high flux densities, 
the correction term may be several times as large as 
the true value of P,. In other words, the result 
would be in error by several hundred percent if the 
correction was neglected. This applies to any 
method of determining core loss in terms of the 
in-phase component of impedance at fundamental 
frequency, including bridges and other alternating- 
current potentiometers. 

Consideration of eq (10) brings out a fact that 
has not been universally recognized. That is, the 
value of the core loss, P,, depends on the values of 
PR, and &,, resistive elements that are not included 
in any one of the four arms of the “bridge.” Specifi- 
cally, the resistance of the source enters into the 
determination of 7?,, as does the resistance of the 
leads, ete., used to connect the source to the bridge 

For the case of a coil contaiming ferromagnetic | Fievre 5. ¢ 
material undergoing symmetrically cyclic magnetiza- 
tion, even-order harmonics do not appear, and eq 
(10) may be simplified to 

P, LiRs onl R R Re, hs , 1] 


h 








where A can have only odd integral values. That is, 
h=2n-+-1, where n is a positive integer. 
A concept due to Peterson [9] may also be used 





in the analysis of circuits containing nonlinear ——< > 
elements | 

In Peterson’s method, the equivalent circuit for | d 
the nonlinear element (iron-cored coil would con- 
sist of a resistance, an inductance, and a series of S 
“harmonic generators.”” The analysis on the basis 7 
of this concept would lead to the same power equa- =F 
tion, eq (11 The harmonic correction term would | > 
be interpreted as the power returned to the cireuit 
by the harmonic generators 

The above concepts ure also valid when applied | 
to nonlinear resistances and impedances, as well as LE A AAAAAA (e. Di eta . o.oo — 
to coils containing ferromagnetic materials In eae o Nai “ 
-general, the equivalent circuit for nonlinear elements 
may be represented as consisting of energy-dissi- | Figure 6. Eyuivalent-cirenit diagram of th - 


pating elements plus energy -delive) ing elements figure 
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in series With the primary winding of the test frame; 
the potential coil is connected “across the secondary 
winding, in parallel with the average-indicating 
voltmeter. 

This circuit has several distinct advantages for the 
study of bridge measurements. Measurements can 
be made on a specimen by using the wattmeter and 
bridge simultaneously, with exactly the same indue- 
tion in the specimen, and with the same exciting 
current having identical wave form. Furthermore, 
the instrument losses ' and form factor are the same 
for both methods, and for purposes of comparison, 
it is not necessary to for them. Thus, this 
circuit permits a direct comparison of the two meth- 


correct 


ods under identical conditions. 


The equivalent circuit for this arrangement is 
shown in figure 6, in which 
R resistance of the current coil of the watt- 
meter, 
RP d-c resistance of the primary winding of 
the frame, 
Re measured increase in the resistance of 


the test frame winding, resulting from 
the power losses, 

L measured inductance of the bridge arm 
containing the test frame. 


3.2. Equipment 


Power was supplied to the circuit by a source 
consisting of a 200-w amplifier driven by a low- 
distortion oscillator This had a voltage 
wave form with a total distortion of less than 0.2 
percent when delivering a current of 2 amp to a 
resistive load. With the connected to the 
bridge circuit, the apparent voltage distortion did not 
exceed 1.5 percent, even though the current distortion 
The in- 
the 


source 
source 


Was more than 50 percent in some cases, 
crease in apparent distortion is attributed to 
LR, drop 

The measurements reported in this paper were 
made at a frequeney of 68.8 cps. It was desired to 
avoid the power frequeney of 60 cps and its har- 
monies, in order to eliminate interference, pickup 
from stray magnetic fields, ete. 

A 25-cm Epstein frame, built according to the 
specifications of the American Society for Testing 
Materials 1], was used in the measurement of core 
loss. The primary and secondary windings each had 
700 turns 

A mutual inductor was used to compensate for air 
flux, in the manner deseribed in {1}. This inductor 
shown in any of the figures. The resistance 
of its winding ts included in RP As a result of the 
use of this inductor, all values of induction are the 
trinsic values, denoted by the symbol /,. 

A high-quality wave analyzer was used as the 
bridge-balance detector. For this purpose, it) was 
tuned to the fundamental frequency. Then, with 
balance established, the wave analyzer was 
measurements 


Is hot 


bridge 


connected nerToss R ana SUCCESSIVE 


were made of the fundamental and harmonic voltage 
drops. To attain the accuracy required for these 
measurements, special methods of calibration and 
correction were used. 

The bridge components, /?,, 2», and C,, were high- 
quality decade boxes, with accurately known values 
and negligible residual reactances. 

PR. was a manganin standard resistor, capable of 
carrying the large currents used, with accurately 
known resistance, negligible residual inductance and 
capacitance, and a temperature coefficient of resist- 
ance of less than 10 ppm/° C. 


3.3. Specimens 
Each specimen weighed approximately 500 ¢ and 


consisted of strips 3 em wide and 28 em long. The 
five types of material listed in table 1 were used. 


TABLE 1 Lile ntlification of Specimens 
AISI desig Ciradk Approximate 

nation si content 
M-15 rransformet 3.510 5.0 
M-19 do 35 to 5.0 
M-22 Dynamo 2.0 to 3.5 
M3 Electrical 0.5 to 2.0 
M48 Armature 0.5 to 2.0 


3.4. Measurements 


In order to determine core loss by this method, it 
is necessary to measure the quantities appearing in 
eq (11), modified to include ?,,,,. 

R, R..) 


(12) 


Fa [?R., STR, T | T R.- 
h=% 


/, is determined from the drop across , at funda- 
mental frequency, measured with the wave analyzer. 
Ris given by 
PR, Kea (R,, R,, m) 
is given 
was 


a relation that is evident in figure 6. Rar 
by the bridge-balance equation. (2+ Ree») 
measured carefully under various conditions of cur- 
rent and temperature, and appropriate values were 
used in the equation above. 

The value of the term 5‘ 7} was determined in 

h $ 

In one method, 


two ways. each harmonic current, 
/,, was determined from the corresponding voltage 
drop across resistor 7?., measured with the wave 
analyzer tuned to the appropriate frequency. The 


magnitude of each harmonic current was squared, 
and the sum taken. In the alternative method, 
the rms value of the current was measured by a 
calibrated rms-indicating ammeter connected in the 
supply leads to the bridge, and the fundamental- 
frequency current, /;, was determined from the 
/,R,. drop, as in the first method. As the square of 
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density. At and below this flux density, the bridge 
. °. . . a and 

will give accurate results without applying any | 

correction for harmonic power losses. 


the rms current equals the sum of the squares of the 
component currents, 


3) 2=]? r? Table 4 is a condensation of the results of measure. 
ae Ah rms : . . : 
= ments on five grades of material. A graphical 
- a a presentation is given in figure 7. 
hf, is the sum of 2, Pere: Ke, My, and th . lhe It is evident from an inspection of the curves and 
combined resistance of Ry, Rom, Re, and Rp was | the final column of table 4, that the two methods 


measured and used in the same manner as Ry+ Lm. | are in excellent agreement. 


PR, is more difficult to measure with accuracy. | } 
However, as the output voltage of the power source | 
has a negligible amount of distortion, the impedance | 
of the source, Z,, may be determined by measuring | TABLE 2. Example of measurements * | 
the harmonic voltage drop across the terminals, and | . — 
also the harmonic current. If the inductive reac- | ee oleae" Devamamey: Ghbens —— << ae 
tance, wl,, of the source is sufficiently small, the | . 
ratio ?,/Z, is approximately unity, and the value of | Resistance: Current Current? | 
R, can be determined from the more easily measured | ome or —— 
scbever: Posing org R,, =59000 1,=1.699 = 2. 887 
quantity, Z,. It was found that changes of Z, with | glipbe wae 
changes of frequency were small for the source used. | R, = 42060 1;=0. 983 0. 966 
Hence it was concluded that ZL, was small. R.=2. 515 1,=0. 301 0. 091 
As an independent check on these measurements, Ra:=3. 528 [-=0. 110 0. 012 
however, a method was developed that measures | (R.. +R.) = 1. 298 I,=0.082 0.007 
both resistance and inductance of the source while Sieh - 
it is under operating conditions. For the power -' Rene aes nine 68 
source used, the value of 2, obtained by this method | R, + Rom) = 1. 298 L,3=0. 027 0. 001 
was the same, within experimental error, as the R.—2 515 Ino 1. 908 3. 968 
value of Z, obtained with the voltmeter-ammeter aka 
method. Also, the value obtained for L, was very re dra — Hi) = 1. O81 
small, which is consistent with previous findings. Ry, =0. 184 SY 2 on 
R,=4. 292 oC 
4. Results . 
> i= 1. 078 
An example of the measurements and calculations h=3 
required for the comparison of core losses as obtained 
by the bridge and wattmeter methods is given in 
table 2, i Core loss 
Table 3 gives the magnitudes of the power terms Boma Aime Da hk time FR 
for the individual harmonics for three grades of | sbi mice | Wane 
materials. It can be seen that in some cases, ' . i 
harmonies as high as the 13th produce a power term en | 6.488 1627 : "2.006 1,900 
15.0 6. 438 1. 640 1. 991 1. 900 


of measurable magnitude. However, as flux density 
decreases, the harmonic power terms decrease also, 





Bll ‘ : . * No corrections were made for instrument losses or waveform errors, Thest 
and become negligible at some intermediate flUX | are identical for the two methods and do not affect the validity of the comy 
TABLE 3. Relative magnitudes of individual harmonic power terms 

\ 
AISI designation / I} ll Tel I} LP I; P FP Ti, 
Nilogan ase ' ' ' ' ' 
| 14.44 6. 438 146 0. 391 o.o5ly 0. O28 0. OOS! 0. 0030 1. 627 
\ . | 14.14 ) s7S 1143 234 oO163 OOS (wT 1. 40. 
i 13. 11 1. 27¢ 0. 1054 (284 One OOLO 0.141 
11. o4 0. WZ Oss mrt OOO4 O16 
{ 15. 76 fi. 142 $. 54s 3000 (47 O1S3 (mr22 (wl $. G11 
| 14. 82 » WA 0. Sut 1141 (ns (Oy 1, 026 

M -22 13. 35 1. 738 liu O125 ool4 Oo. 134 " 
| 12. 1344 Ks ony 034 
| 10. &5 1 ONG NAS Ooo O16 
16. 41 10. 254 , 480) MAT Osis OST (mile aon $412 
| l 2 #, 12. . 7 157 OOS This 0 460 
M-43 14. 15 4. 251 st O37TS O40 174 
12.8 $242 nm OOS O36 
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ridge | Tarie 4. Results obtained by the wattmeter and bridge for five grades of material * 
4 
any | 
{ Power loss 
sure- AISI designation Gage Effective BR; 1;Ra TILR; . A 
} Ss weight } 
LIC al Bridge Wattmeter 
| 
| 
} and i? Kiloqgausses Mu “ with witb o 
} | 14.99 6. 438 4. 627 2.005 1. 990 0.8 
ods 14.19 2. 878 1. 405 1. 631 1. 614 11 
. . 13. 11 1. 276 0.141 1. 256 1. 262 —0.5 
\ M-1 sd 0. 50S 11.94 0. 922 O16 1.003 0. 996 7 
10. 79 725 O05 0. 797 797 0 
9. 64 SST Oo 45 642 y 
15. 32 5. 366 3. 677 2. 272 2. 278 -.@ 
14. 36 2.478 0. 904 1. 996 1. O66 1.5 
i 13. 09 1. 342 163 1. 586 1. 560 &® | 
M-19 29 0.744 12. 80 1. 220 117 1. 484 1. 480 0.3 
“38 | 11. 58 0. 906 033 1.174 1. 157 1.5 
10.09 659 O12 0. 870 0. 861 1.0 
8. 69 184 004 46 646 0.0 
‘nt 15. 76 6. 142 3.911 2. 668 2. 674 2 
ip [ 14. 82 2. 995 1. 026 2. 355 2. 330 1.1 
pal Mf-22 . = on 13. 35 1. 738 0. 134 1.918 1.914 0.2 
4 ee -” - 12. 06 1. 344 039 1. 561 1. 555 4 
4 10. 85 1. O86 O16 1. 280) 1. 268 b 
od 8. 62 0. 707 004 0. 841 0. 837 5 
M ( 15. 74 8. 022 2.913 4. OS4 41.720 -.6 
9 14. 59 4.153 1. O89 3. 493 3. 511 =-.§ 
© 13. 88 3. 027 0.418 2.974 2. 4 3 
7 M_3 . 0) x77 13. 03 2. 323 123 2. 50S 2. 508 0 
‘ os al oe 11.88 1. 835 032 2.055 2. 052 1 
' 10. 64 1. 506 012 1. 703 1. 687 Q 
9. 46 1.197 OOS 1. 359 1. 345 1.0 
y &. 46 0). GOS 003 1. 100 1. 004 0.5 
+7 16. 41 10. 254 3.912 7. O84 7.02 4 
‘ 15. 42 6. 125 0. 960 5. 769 5. 725 x 
. . os 14.15 4.251 174 4. 554 1. 468 1.9 
| M43 24 0). SY 12.85 4 242 036 3. SRI 3. 574 0.2 
11.42 2. 537 O09 2. 824 2.815 3 
10. 29 2. 007 004 2. 237 2. 234 l 
ss oon 
® These data are not corrected for instrument loss or form factor 
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5. Discussion 


magnitudes 


12), for one 


Figure 8 shows graphically the relative 
of the terms of the power equation, eq 
t\ pical set of conditions. If we let 

P,=TiRz, 
the power supplied to the iron specimen at funda- 
mental frequency, and 


P >> | 


the power dissipated in the resistive elements of the 


circuit at higher harmonic frequencies, then eq |2 
becomes 
P.=P,—P 
P TrLeb\ be considered to be a correction term, to 
be applied to the measured loss. P mn orde rto obtain 
the core-loss value. pP The bridge method. is 


generally used, vields the value P 
It can be seen that the magnitude of P 
very rapidly as high inductions are reached, becoming 


Mmecrenses 














4.0 
\ 
FREQUENCY - 68.8 cps — / 
3.0 Rp = 4.3 ohms j 
/™-9 
M~22 
wo j 
x / 
~ 2.0 / 
a 
5 / M-43/ | 
/ 
/ / 
Ub 
rd F 
7 4 | 
. | a - 
10 i2 3 14 5 6 
FLUX DENSITY , KILOGAUSSES 
' 
Figtre 9 The ratio P,/ Pq versus flux density for four qr 
ol materiats 
\ 
Fiat Rf 10 The alio pP Pp a j / ; r 
grade ol mate a 
equal in magnitude to the core loss, 7,, at about 


14.2 kilogausses, in this example 
In figure 9, the ratio P,P, is shown as a function | 
of flux density for four grades of material. Note that 
the general shape of the curves is the same, althoug! 
the flux densits at which the ratio reaches a give! 
value varies with the material. In general, the lowe! 
the silicon content, the higher the flux density tha 
the P P exceeds 3 


can be reached before ratio 


viven value 


As P becomes large with respect to ag errors U } 
the measurement of P, are multiplied in the deter 
mination of P Kor example, an error of 2 percent 
in the value of P, when the ratio P, P, is 3.0 wil 
\ i@¢ld an error of 6 percent in the value of P,. assum- 
ing that there is no error in the measurement ot / 
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FiGURE II] Ra ve 


Of course, as P,/P, increases, P, is also increasing, 
and the need for accuracy in the value for P) is 
increased, 

In figure 10, the ratio P,/P¢ is shown as a function 
of flux density. This curve is closely related to 
figure 9, as P,/P,—(P,/P,)—1. However, it is inter- 
esting to note that (P,/P2)100 is the percentage 
by which the value of P, would be in error if P,, were 
not taken into account. This percentage is used as 
the ordinate at the right side of figure 10. 

We see again that, in general, for a given value of 
error, the lower-silicon materials can be taken to 
higher inductions. For example, if we consider the 
ease Where the bridge is used without correcting for 
the harmonic power dissipated, and for the error to be 
5 percent or less, the grade M-—15 material can be 
taken to about 12.5 kilogausses, while the grade 
M-43 specimen could be taken to over 14 kilogausses 
If the M-15 specimen were measured at 14 kilo- 
gausses, the error would be 70 percent. 

Figures 8, 9, and 10 show clearly that the har- 
monic power conversion must taken into con- 
sideration in order to make accurate measurements 
with the bridge at higher inductions. Figure 7 and 
table 4 show that, if this correction is made, excellent 
accuracy is possible. 

It is obvious that every parameter should 
examined with a view to reducing the magnitude of 
the correction term and increasing the accuracy with 
which it can be measured 

In order to reduce P,, the resistance of the circuit, 
including that of the source, should be made as small 
as possible.” Ordinarily, it is desirable to work with 
bridge arms that are approximately equal, but in this 
ease it is better to make /?, as low as possible. 2, and 


be 


be 
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PR, should be high, in order to limit the current, and 
therefore the dissipation, in them. 

R., and therefore P,, can be measured more accu- 
rately if it is large with respect to ?,, and P,,,,, which 
are measured along with Ry. Figure 11 depicts the 
change of /, with respect to flux density. As high 
inductions (14 to 15 kilogausses) are reached, the 
value of 2, decreases to less than 10 ohms. When 
it has become as small as 2 ohms, the accuracy 
required in the values of P,, and P,,,, is difficult to 
attain. 

It is interesting to note that when the bridge is 
used alone, without the wattmeter current coil 
included in the bridge arm, /,,,, will be eliminated, 
and the results should have improved accuracy. In 
order to show the validity of the method presented 
in this paper, the bridge was used under conditions 
known to be disadvantageous to it, and it is expected 
that results obtained with optimized conditions will 
exceed in accuracy those reported here. 


6. Summary and Conclusions 


The use of an alternating-current bridge for 
measuring the total core losses of ferromagnetic 
materials has some advantages over the conventional 
wattmeter method, such as a wider frequency range 
and better sensitivity. However, it has been found 
that the bridge method is subject to errors that may 
be as large as several hundred percent if the effect of 
distortion in the current is neglected. A correction 
for this effect may be derived by considering the 
equivalent circuit for the ferromagnetic material to 
consist of nonlinear elements of resistance and 
inductance. This method requires that the resist- 
ance of the entire circuit be determined, including 
the apparent resistance of the power source. <A 
method of measuring the resistance of the power 
source under operating conditions was developed. 

A circuit was devised by which measurements of 
core loss can be made by the bridge and wattmeter 
simultaneously. By so doing, discrepancies due to 
differences in frequency or induction are obviated, 
and comparisons can be made at identical values of 
frequency and induction. 

Excellent agreement between the results of meas- 
urements with the two methods was obtained for 
inductions as high as those for which the wattmeter 
is considered to be accurate. 

It is concluded, therefore, that even for measure- 
ments at higher inductions than have hitherto been 
considered feasible, the accuracy of an a-c bridge is 
comparable with that of the wattmeter, provided 
that the corrections for harmonic components in the 
exciting current are determined and applied with 
ecare., 

It is also concluded that the results of the analysis 
as presented are valid when applied not only to 
bridge cireuits, but also to other electric circuits that 
contain nonlinear resistances and impedances. 
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av _Jonization and Dissociation of the Trifluoromethy] 
_ Halides by Electron Impact 

71 Vernon H. Dibeler, Robert M. Reese, and Fred L. Mohler 


Relative abundances and appearance potentials are reported for positive and negative 


ions observed in CFy, CF;Cl, CF;Br, and CF;1. The kinetic-energy distribution of positive 
ions is obtained by means of a ‘“beam-deflection” technique. These data combined with 

that of recent thermochemical and spectroscopic studies permit a new calculation of the 

ionization potential of the CF, radical of 9.3 +0.2 electron volts, as well as estimates of 
fluorocarbon bond-dissociation energies. The energetics of probable dissociation processes 


are discussed 


1. Introduction The present paper reports the experimental re- 
sults of a broad study of the ionization and dissoci- 
= 7 . ‘ » i . ) yf oy oy ‘ ‘ <, a ‘ _ on . 
There is considerable qualitative evidence of the me ° of ( My, 1 pe ( — and ( vig Maton the 
~markable thermal and chemical stability of fluoro- primary intent or reso ving t 1e apparent discrepancy 
shons and many of their derivatives [1).' How between the direct and indirect measurement of 
ear Ss 4 - . ‘ ‘ 7 . Py lac =T 1 . ~pecpe *" ¢ » °) 
ever, Quantitative evaluation is limited almost en- I(CF;). Dissociation processes for all of the prin- 
Sake to macamirements of the heats of Secmation of cipal ions of the trifluorohalomethanes are reported, 
ce i ? ? Ss ? “ats i . . ° ° 
few of the simplest members of the aliphatic series and the study includes observations on negative ions 
are ’ ; : ; j ; ° . "] sxyeess Ik] tic e ei 4 
and their derivatives [2, 3, 4]. Luft [5] gives esti- and ions formed with excess kinetic energy. 
mates of C--F and C— C bond-dissociation energies | 
in a brief review of recently published thermo- y & Experimental Details 
chemical data for a number of simple organic fluorine 





——— —— “als Appearance potential data for both positive and 
Values of the ionization and appearance 2 mpi negative ions were obtained by means of a 180°- 
of ions from CF, - some other gay gee wes | mass spectrometer, using instrumental arrangements 
appear in scattered reports [6, (, 9, 9). Ine attempt | snd methods of evaluating threshold potentials 
to measure fluorocarbon bond-dissociation energies previously described in detail [13]. Relative abun- 
by electron impact necessitated an indirect measure | dances of positive ions were measured under con- 
of the ionization potential of the CF; radical and | ventional conditions using 70-v electrons. The 
Ide » vs , my QO pv This vs . igs RE IE ; , oe a - 
” _ the — 1 I(CF;)=8.9 ev [10]. This — spectroscopic ionization potential of argon (simul- 
combined with o jeerved mb YS poco h, taneously introduced with the sample gas) was used 
the CF;* ions from CF, [5] and C.F [9] a 1 the | to calibrate the ionizing voltage scale for positive 
unexpectedly high values of 164 and 124 cca » Fe- ions. The appearance potential of the O- ion of 
spectively, for the dissociation energies of the first | GQ was measured as a check on the voltage scale 


— 


C—F bond in CF, and the CC bond in ©2Fy. | for negative ions. The small correction required 
Although both values are considered upper bounds, | to make the observed appearance potential (9.8 
there is evidence [5] that the true CF,—CF, bond- | +0.2 v) conform with that reported by Hagstrum 
dissociation energy is “smaller, but not much smaller” | (9.6 +0.2 v) [14] was assumed constant over the 
than 124 keal. entire voltage seale. An approximate correction 


was made for the difference in the efficiency of 
collecting positive and negative ions, using the 
:; method employed by Marriott and Craggs [8]. 
the mass spectrometer by means of the thermal | mp r : +h On a tea lil 

Re. . : The O-/O* ratio measured with 35-v electrons indi- 
decomposition of hexafluoroazomethane, thus per- | cated a negative-ion collection ‘efficiency for the 
mitting a direct measure of the ionization potential, present instrument of about 3! percent compared 


Farmer, Henderson, Lossing, and Marsden [11] 
report the successful production of CF, radicals in 


LCF;)=10.10 £0.05 ev. Although this value leads | with 50 percent reported by Marriott and Craggs. 
, toa heat of formation of the CF; radical in agree- A preliminary search was made for positive ions 
ment with that determined by Rabinovitch and | formed with excess kinetic energy by recording the 
| Reed [12], Farmer et al., also report that the appli- | mass spectrum with a low ion-accelerating potential 
| cation of this value to observed appearance poten- | [13]. Kinetic energy of negative ions was not 


tials of the CFs ions from CF.CL CF.Br. and | investigated. A more detailed study was made, 
ED ain tn Waleee fon the CF X bond-dis- | US™Z the beam-deflection method described by 
“oes ae snes Berry [15]. In the latter method, deflecting elec- 

sociation energies that are evidently too low by an : . 
, trodes mounted in the analyzer region are used to 


oe 


i ‘ ‘oachins . 
mount approaching 1 ey move the ion beam parallel to the length of the 
Figures in brackets indicate the literature references at the end of this paper. | COllector slit. By proper shortening of the length of 
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the slits at the entrance and exit to the analyzer Pa = ' T T —nl he | 
region, and by adjustment of the deflecting electrode 00 + elias od ARGON” vith 
potentials, small portions of the original ion beam are : | | | el! i 
recorded, and a plot of the ion current versus deflect- r k | 7 ( ne 
ing voltage shows the shape of one component of | 1 Ss 
the initial velocity distribution of the ions. Berry 1| : . 
finds that the relation between the velocity scale and | +} os 
various other factors is given by r || poet 
U] AP (ce m\V')ié | -- 
| + [ihe 
, , : ; | | ene! 
where A is a constant that is characteristic of the | ¢ 3 Lt the 
instrument, P is the deflecting potential in volts, 4 tv 
¢ is the particle charge in electrostatic units, mis the | x , oT 
particle mass in grams, and V is the ion-accelerating | = rf 
potential in volts. The constant A is best evaluated | 4 | wid 
by empirical means, and the Maxwellian distributions | * \, L , of ¥ 
obtained for the molecule ions of CO, CF;Br, and | = . : Tf of tl 
CFI were used for this purpose. As A varied some- | ] +} ate 
what with the ion-accelerating potential (probably r | | | +1 subj 
for reasons suggested by Berry) all measurements of | 6 F | +} the 
kinetic-energy distributions were made at the same 4} scale 
ion-accelerating voltage of 1,000 v. | | , hy | 
The trifluoromethyl chloride, bromide, and ° 1! Ry 
iodide were made from the silver salt of trifluoro- L/. l | ? aoe 
acetic acid and the appropriate halogen [1]. Quan- 1 | jodic 
tities sufficient for mass spectrometric studies were are 
easily made in sealed tubes containing a slight excess | 4 | atta 
of the silver trifluoroacetate. Simple distillation | 
through KOH pellets was sufficient to separate the Fs 
desired products. The CF, was obtained from the | | 
Minnesota Mining & Manufacturing Co. No fluoro- ; . QO 
carbon impurities were detected in any of the samples, nen 7 ae ade i "| ener 
and it is estimated that they are less than 0.1 mole guess veutacr Gnceneectan. ve.te hali¢ 
percent. na 
FIGURE | Re peat determinations of initial portions of th illus 
» 4 Results tonization-e ficiency curves for the CF ion of CF.Br and | tanh 
the calibration gas, argon, plotted on a semilog scale the | 
3.1. Determination of Appearance Potentials rhe electron energy scale is uncorrected and shifted for each curve, The | COM 
indi ited voltage intery als st aneonaies Sean thx ionization potential of argon give spac 
Figure 1 shows three determinations of the initial | “® *??°™™ce Potent fer the CFs ton elect 
portions of ionization-efficiency curves for the CF are § 
ion of CF,Br and the A* ion of the calibration gas, nel 
argon, plotted on a semilog scale with the electron- quar 
energy scale shifted to permit display of the three A 
sets of data. As these curves are very nearly straight trib 
and parallel, the voltage interval between the CF a mun 
ion curve and the associated calibration curve is sub- | , > cent 
tracted from the spec troscopic ionization pote ntial 2 _ ee van 
of argon (15.76 ev) [16] to obtain the appearance —* , disp. 
potential of the CF? ion. Similar curves were << wicle 
obtained for the CF? ions of the other trifluoro- is form 
methyl halides and for the molecule ions of CF,Br of C 
and CF,I.  Ilonization-efficiency curves for other | side 
positive fragment ions showed considerable devi- | ions 
ation from straight lines and parallelism with respect ener 
to the calibration curve. In these cases, the voltage 1 | very 
interval is measured at a point on the curves extrapo- o li Tl 
lated to an ion current equal to a tenth of a scale 3 4 30 4 é 20 0 | — 
division on the record, This results in a larger un- 
certainty in the evaluation of the respective appear- | | BR | - kin. 
» ance potentials. Figure 2. Jonization-e if iency curves for the Bro and F of n 
pos ; - a : : ions of CF.Br plotted on a linear scale 5 
The ionization-efficiency curves of the negative ener 
ions are illustrated in figure 2, which shows the curves | phe Cétuse seak aamectl ER EE ee ye ee 
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for Br> and F~ ions from CF;Br. From the higher 
zepsitivity data, the Br~ ion is apparently formed by 
a dissociative at tachment process with an appearance 
potential very near to zero volts. There is nO evi- 
jence for other dissociative ionization processes for 
onergies up to 100 v. Hickam and Fox [17] have 
shown that for monoenergetic electrons, attachment 
processes occur Over a Very harrow range (less than 
1 ¥) of electron energies. Therefore, the width of 
the peaks shown in figure 2 is probably the result of 
energv spread in the electron beam. Alinearity in 
the amplifier occurs near the top of the high-sensitiv- 
ity peak and results in the flat appearance. 

‘The F- ion is formed both by dissociative attach- 
ment and by an ion-pair process. There is some 
evidence for at least one other attachment process 
of very low probability. The appearance potential 
of the ion-pair process is relatively simple to evalu- 
ate. However, that of the attachment process i 
subject. to somewhat greater uncertainty because of 
the probable change in calibration of the energy 
seale within the first few volts. F>- ions are formed 
by dissociative attachment alone in the CF, and 
CF,Cleompounds. They are formed both by attach- 
‘ment and by an ion pair process in the bromide and 
| iodide compounds. The other halogen negative ions 
are formed by attachment only. A CFF ion (by 
attachment) is observed in CF,. 


Is 


3.2. Measurement of Kinetic Energy 


Observations on ions formed with excess kinetic 
energy were made for all of the trifluoromethyl 
halides by measuring the distribution of ion current 
na direction parallel to the exit slit length. Figure 3 
illustrates the ion-current distribution curves ob- 
tained for the molecule ions of CF,Br and CF,I and 
the CF? and CFP? ions of all of the trifluoromethyl 
compounds plotted on a small scale to conserve 
space. The abscissas are calibrated directly in 
selectron volts of kinetic energy, and the ordinates 
are arbitrary units of ion current. Larger-scale plots 

ncluding more experimental points are used for the 
quantitative estimates of the kinetic energy. 

As expected, the molecule ions show a narrow dis- 
tribution about the origin, with a very sharp maxi- 
mum at the approximate geometrical and electrical 
center of a cross section of the ion beam. The CF? 
ions of the chloride, bromide, and iodide molecules 
display similar distributions, although somewhat 
wider at Few, if any, of these ions are 
formed with excess kinetic energy. The CF? ion 
of CF,, however, exhibits definite maxima on either 
side of the beam center, indicating that most of these 

are formed with about 0.1-ev kinetic 
energy but that the distribution in this range is again 
very narrow. 

The CF; show definite breaks and con- 
siderable broadening at the From CF, to 
CF,1, the break appears at increasing values of the 
kinetic energy as would follow from the conservation 

,of momentum, assuming nearly equal total kinetic 
F energy in each case. The CF,X* energy-distribution 
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| curves (not shown in the figure) are quite similar to 
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selected ions of the trifluoromethyl halides for 70-v electrons. 


Kinetic energy is plotted for each abscissa, and ion current in arbitrary units is 
plotted for each ordinate, 


the molecule-ion curves and give no indication of 
excess kinetic energy. All other fragment-ion curves, 
however, exhibit broad distributions or definite 
breaks. 

Table 1 summarizes the complete experimental 
data obtained for the trifluoromethyl halides. Col- 
umn 1 lists the ions observed. Column 2 gives the 
abundances of positive ions relative to the most 
abundant positive ion for 70-v electrons. The 
abundances of the negative ions are measured at 
maximum abundance and are corrected for the 
observed difference in the efficiency of collecting 
positive and negative ions. Column 3 gives the 
mean of at least three measurements of the appear- 
ance potential of each positive ion with the uncer- 
tainty estimated from the experimental data. 


4. Discussion 
4.1. Molecular Ionization Potentials 


Spectroscopic ionization potentials of the trifluoro- 
methyl halides have not been published. A previous 
measurement of the CF;Cl molecule by electron 
impact is quoted in column 5 of table 1. The agree- 
ment is just within the total estimated uncertainties 
and is satisfactory, considering the low relative 
abundance of this ion. No breaks in the ionization- 
efficiency curves corresponding to the *Es3,. and ?Ej/» 
spin orbital components of the parent-ion ground 
states were observed. This is not surprising, how- 
ever, as detection of doublets in methyl bromide and 
iodide by electron impact apparently requires the 
use of nearly monoenergetic electron beams [18]. 
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TaBLe 1. Summary of relative-abundance, appearance-potential, and kinetic-energy measurements for the trifluoromethyl halides 
; . 
Ion Relative Appearance Remarks Comparison values 
abundance potential 
CF, : 
% | ev { 
CF* 0.01 
CF? 100. 0 16.0 +0.2 Most ions formed with kinetic energy ~ 0.1 ev 15.44 +0.05 [7], 15.9 0,2 [6] 
CF; 14.5 20.3 +0 hermal ions and ions with kinetic energy ~0.8 ev 22.4 +0.2 [7], 21.8 +0.3 [6), 
CF*t 3.7 22.6 +0 Broad kinetic-energy distribution 27.2 +0.5 [7], 29.8 +0.3 [6]. f 
Cc 9 31.5 +0 do 27. 1 (6) 
F+ 57 36 l do 39.8 +0.8 [7], 3 +1 [6]. ’ 
I 0.8 4 0.3 Dissociative attachment, maximum abundance at 8 v 
CF; 09 4.9 +0.3 do 
CF;Cl 
CF,cr 0.5 13 +1 12.8 +0.2 [7] 
CF 100. 0 12.7 +0.2 Thermal-energy ions only 12.95 +0.05 [7], 13.0 +0.06 [11] f 
CF.ClI* 13.3 15.0 +0.4 do 15.5 +0.2 [7]. 
CF; 2.4 | i] +1 Thermal ions and ions with kinetic energy ~ 1 ev 21.0 +0.2 [7]. 
CF 44 22.6 +0.5 Broad kinetic-energy distribution 25.0 +0.2 [7] 
c+ } 3.2 31 +1 NG Grenadin Grelnai dh dainirn sea hen eh nakmnenatpebe pte nanennd mini eum aiaiiirtins tir amenities dae ee 
F* LI 31 +1 35.0 +0.5 [7]. 
Ccl+ 6.5 21 +1 Thermal ions and ions with kinetic energy ~ 1 ev 21.0 +0.2 [7]. 
. f 3.8 +0.3 Dissociative attachment, maximum abundance at 5.5 v 
I 0.2 ‘ 
{ 20 1 lon-pair process 
Cl 1 { 0 Dissociative attachment, maximum abundance at 2.7 v PI 
\ 4.7 +0.3 Dissociative attachment, maximum abundane at 6.4 v ‘ 
CF;Br 
itl i ‘ 
CF;Brt 11.2 12.3 +0.3 | 
CF; 100. 0 12.2 +0.2 Thermal-energy ions only 12.1 [11]. 
CF, Br* 8.9 15.0 +0.7 do 
CF? 5.8 19 0 Thermal ions and ions with kinetic energy ~ 1.2 ev 
ame P > 
CF* 4.3 22.9 +0 Broad kinetic-energy distribution : 
C+ 1.8 33 +1 do | 
Ft 0.5 29 +1 do 
Br* 5.8 17.6 +1 Thermal ions and ions with kinetic energy ~ 1 ev 
. . f $5 +0.3 Dissociative attachment, maximum abundance at 5.2 v 
OF ~ 
F aaa 1 17.941 lon-pair proce ' 
Br- 11.3 0 Dissociative attachment, maximum abundance at 1.5 v 0 [8] 
CFal 
C F,l* 68. 5 10.0 +0.3 
CFF 71.0 11.4 +0.4 Thermal ions only | 
CFol 100. 0 15.3 +0.3 do 
CF} 2.6 18 0.6 Thermal ions and ions with kinetic energy 1.2 ev. 
CF 6.0 20. 7 ] Broad kinetic-energy distribution 
C+ 2. 4 32.6 l 
Fe 0 6 33 l 
I* 33. 5 13.6 +0.5 Thermal ions and ions with kinetic energy ~0.4 ev 12.9 +0.15 [11] 
F ~0.1 f 3.6 +0.3 Dissoeiative attachment, maximum abundance at 5.6 v 
" \ 14 l Ion-pair proeess 
I- | sl =0 Dissociative attachment, maximum abundance at 1.8 v 
A molecule ion is not observed in CF,. It is Direct thermochemical measurements of the CF, | 
, , . a aa ‘ ; . ; , | 
estimated that the relative abundance for 70-v | Br and the CF,—Cl bond-dissociation energies hav 


electrons is less than 0.01 percent of the CF? ion. 


4.2. Ionization )otential of the CF. Radical 


Column 3 of table 1 gives appearance potentials 
of CF, radicals of the four molecules, and column 5 
includes comparison values from published research 
for three of the molecules. In several cases there 
are discrepancies slightly greater than the estimated 
experimental errors. Except in the of CF, 
these ions have no excess kinetic energy. An ob- 
served kinetic energy of roughly 0.1 ev for CF? 
CF, would indicate a total kinetic energy of about 
0.5 ev for the two fragments. 


cause 


of 











(19), using the 
keal (2.80 ev 


Sehon and Szware 


been reported, 
technique, find 64 


“toluene-carrier 


for D(CF,— Br), and Rabinovitch and Reed [12] 
report 79.5 keal (3.45 ev) for D(CF,—Cl heal 
sodium diffusion flame experiments. As the CFF 4 
ions of CF,Br and CF,CI are formed with thermal 


| 
energies only, subtracting the C Oe X._ bond- dlis- | 
sociation energies from the appearance pote nti ¥ of 
the respective C Ks ions vields 9.4+0.2 ev and on 
0.2 ev for the ionization potential of at 
radical. An average value of /(CF 93 


This is intermediate between the two conflicting 


values of 8.9 ev [10] and 10.1 ev 
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is obtained from these two compounds. . 
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the introduction. The value of 9.3 ev could be 
reconciled with the measured appearance potentials 


»of CFf and CH; of methyl fluoroform [10] if a 


rotal kinetic energy of 0.4 ev is associated with either 
ionization process. An experiment using the beam- 
deflection method gave no evidence of excess kinetic 
energy of either ion at low ionizing voltages.?, How- 
ever, the possibility of vibrational excitation in the 
CH? ion production should not be neglected. This 


. might result from dissociation from the first excited 


state of the molecule ion corresponding to ionization 
from an orbital localized on the CH, group. 

Recent estimates of the dissociation energy 
D(CF;—F) range from 116 keal [12] to 195 keal [21]. 
Luft [5], on consideration of recently published 
enthalpies of formation and other thermochemical 
data, derives a value of 138 +4 keal. Calculation 
of this bond energy from the appearance potential 
of CF* from CF,, 16.0 ev, using 9.3 ev for the ion- 
ization potential of CF; and 0.5 ev for the kinetic 
energy of the products gives 6.2 +0.2 ev or 143 
keal, in good agreement with Luft’s value. 

The appearance potential of CF{ from hexa- 
fluoroethane is 14.3 ev [10]. Using the above value 
of J(CF;) gives a value of D(CF,;—CF,;)=5.0 +0.2 
ev, or 115 +5 keal. This again is in good agree- 
ment with Luft’s estimated value of 107+8 keal 
for this bond energy [5). 

There are no direct measurements of D(CF,—1). 
The appearance potential of CF} from CF,I, 11.4 
ev, and the value 9.3 ev for /(CF;) gives D(CF;,;—I) 
equal to 2.1 +0.2 ev, or 48.5 +5 keal. The differ- 
ences in the bond energies, D(CH,;—Cl)—D(CF; 


+5 


Cl)=1.7 keal and D(CH,—Br)—D(CF,—Br)=: 
keal suggest that the difference in the values 
D(CH,—1I)— D(CF,— 1) will be 4 or 5 keal. The 
bond energy D(CH,—1) is 55 keal [22]. Thus the 
expected value for D(CF;—I) js about 50 keal. 


The agreement is again very satisfactory. 

It is concluded that a value of 9.3 +0.2 ev for the 
ionization potential of CF, leads to consistent values 
for bond-dissociation energies of all four trifluoro- 
methyl halides, as well as for the C—C bond of 
perfluoroethane, and the only outstanding discrep- 
ancy is the above noted case of the C—C bond of 
methyl fluoroform. 


4.3. Formation of Atom Ions 


Combining the heat of formation of CF, (—220.4 
keal) [4], the dissociation energy of F, (38 keal) [23] 
and the sublimation energy of carbon (170 keal) 
gives —466 keal (20.2 ev) as the energy required 
for the reaction 

CF,>C(g) +4F. (1) 
Adding the ionization potentials [16] of carbon 
(11.26 ev) or of fluorine (17.42 ev) gives 31.5 and 
37.6 ev for the energies required to form C* and F* 
ions, respectively. 


—___ 


? Above 35 v there are ions with high kinetic energy resulting from double 
ionization processes [20]. 











TABLE 2. Probable ionization processes for formation of 
atom ions 
Ion Appearance Ionization process Computed 
potential threshold 
er ev 
c+ 31.5 +0.5 CF,>4F+Ct+KE 7 31.5 [4,23] 
F+ 36 +1 CF,93F+C+Ft+KE_. rs 37.6 
Ct $1 +1 CF;C1o03F+Cl+Ct+KE_.. 30 [2] 
Ft 31 +1 CF;CI0eCF+F+Cl+4+ Ft 31 [2,24] 
clr 21 +1 lari — . . Ee - , 
F 0 +1 if F;C19C F;:+F-+Cl*+KE 17.9 [12] 
| Oh 330C + 1 CF,;Br3F+Br+Ct.. 
Ft 29 ; +1 CF,;BroC F+F+Br+F*t .} 
~ =. - }\CF)BroCF:+Br?+F-+KE 16 [25] 
C+ 32.6 +1 CF;I>3F+1+C+ 
F* 33 +1 C F31-62F+14+C+F* = 
It 13.6 +0.5 ne ails tanks tet on : 
* 140 21 jCFISCFitI*+F-+KE...... 13.5 
F 4540.3 | CFp>oCF;4+F-.. 2.6 [25] 
F 3.8 +0.3 CF;CI06C F,CI+F — | 0.8 
cl = CF;C1L06C F;+Cl : (—)0. 25 
Cl 4.740.3  CF;:ChoCF:+F+Cl 4. 25 
F 3.5 +0.3 CF;BrC Fi: Br+F-_.. 0.8 
Br =() CF;BroCF;+Br : .| (—)0.8 
F 3.6 +0.3 | CF;3IoCF21+F-.. 0.8 | 
I =0 CF,I-CF;+I1 (—)L.1 


Table 2 lists some observed appearance potentials 
from table 1 and ionization potentials computed 
from thermochemical data. The observed appear- 
ance potentials for both Ct and F* of CF, can be 
ascribed to a process involving complete atomization 
of the molecule. The heat of atomization of CF,Cl 
is also known and the appearance potential of C* is 
again consistent with a process involving complete 
atomization. The appearance potentials for the 
halogen ions are less than would be required for a 
process involving complete atomization. Table 2 
lists processes that are consistent with the observed 
appearance potentials. The computed thresholds 
of column 4 include an estimate of D(C—F)=5.0 ev 
derived from the CF band spectrum [24], and the 
upper bound to D(CF,—F)=5.0 ev estimated by 
Rabinovitch and Reed [12]. These values and the 
above computed D(CF;—F)=6.2 ev subtracted 
from the heat of atomization of CF, (20.2 ev) gives 
an estimate of the lower limit of the bond-dissociation 
energy D(CF—F) =4 ev, or 92 keal. 

Heats of formation of CF;,Br and CF;I have not 
been published, but the magnitudes of the appearance 
potentials of C+ for these molecules indicate that 
complete atomization must be involved and _ pre- 
sumably the products have high kinetic energy. The 
halogen ions from CF,Br appear at lower voltages 
and the interpretation is speculative. Production 
of F* from CF;I may involve complete atomization 
of the compound, but I* and Br* seem to come from 
ion-pair formation processes. 


4.4. Negative Ions 


Two negative ions formed by dissociative attach- 
ment are observed in the mass spectrum of CF,. 
The appearance potential of about’ 4.5 ev for F- 
added to the electron affinity of fluorine 3.6 ev, [26] 
gives an energy of 8.1 ev available for dissociation. 
The above value of D(CF,—F) =6.2 ev leaves 1.9 ev 
excess energy. Presumably a similar process is 
involved in the formation of CF;, but in this case 
the electron affinity is unknown. 
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In table 2, formation of F~ by attachment is 
tentatively ascribed to the same process in all the 
compounds. In the chloride, bromide, and iodide 
the appearance potential is the same within experi- 
mental error, and this suggests that the same 
mechanism is involved. In all three cases there is a 
large excess energy of about 2.8 ev. 

Simple dissociative electron attachment can also 
account for production of Cl-, Br~, and I> at 0 volts 
In each case the electron affinity [25] is slightly 
greater than the bond-dissociation energy, and some 
excess energy is involved. In CF;Cl there is a second 
attachment process for Cl- at 4.7 ev, and this is 
ascribed to dissociation of F and Cl- from the 
molecule. This is in agreement with the upper 
bound, D(CF,—F)=5.0 ev estimated by Rabino- 
vitch and Reed [12]. 

In CF,Cl, F> is formed by an ion-pair process at 
20 ev. There are two positive ion processes that 
fall near this, and the explanation of the ion pair 
process is uncertain. In CF;Br and CF,I the ion- 
pair process seems to be formation of Br* or | 
and F-, and the observed appearance potentials are 
consistent with the computed thresholds. 


5. Summary 


The appearance potentials of CF,* can be accur- 
ately accounted for by assuming that the ionization 
potential of CF, is 9.3 ev. The appearance poten- 
tials of most of the positive and negative ions are 
tentatively ascribed to processes listed in column 3 
of table 2. In general, there is excess kinetic energy 
associated with formation of atom ions and _ this 
combined with the experimental errors leaves a 
margin of uncertainty in identifying the ionization 
processes. Although data for computing the thresh- 
olds for appearance of C* and F* from the bromide 
and iodide are not available, it is safe to predict 
they are below the observed appearance potentials 
for the processes postulated. There is no_ basis 
for computing appearance potentials of polyatomic 
fragment ions other than CF; because the ionization 
potentials of these fragments are unknown. 


The authors are indebted to C. E. Berry of Cons 
solidated Electrodynamics Corp. for detailed dis. 
cussion and original experimental data on the} 
measurement of kinetic energies using the beam. 
deflection technique, and to Morris Krauss for 
helpful discussions. 


6. References 


Fluorine chemistry, vol II, p. 347 (J. H. Simons, eq 4 
Academic Press, Ine., New York, N. Y., 1954). % 
F. W. Kirkbride and F. G. Davidson, Nature 174, 79 
(1954). 
D. W. Scott, W. D. Good, and G. Waddington, J. Am 
Chem. Soc. 77, 242 (1955). , 
_ 8. Jessup, R. E. MeCoskey, and R. A. Nelson, J, Am 
Chem. Soc. 77, 244 (1955). 7 
N. W. Luft, J. Chem. Phys. 23, 973 (1955). 
", H. Dibeler and F. L. Mohler, J. Research NBS 40, 25 } 
1948) RP1853. 
. W. Warren and J. D. Craggs, Mass spectrometry, p, 36 
The Institute of Petroleum, London, 1952), ~ 
. Marriott and J. D. Craggs, Applied mass spectrometry 
p. 173 (The Institute of Petroleum, London, 1954). 
D. Craggs and C. A. McDowell, Repts. Progr. Phys, 
18, 375 (1955). 7 
_H. Dibeler, R. M. Reese, and F. L. Mohler, J. Chem, 
Phys. 20, 761 (1952). 
. B. Farmer, I. H. 8. Henderson, F. P. Lossing, and 
D. G. H. Marsden, J. Chem. Phys. 24, 348 (1956). 
.S. Rabinovitch and J. F. Reed, J. Chem. Phys, 22, 
2002 (1954). 
H. Dibeler and R. M. Reese, J. Research NBS 54, 
127 (1955) RP2573. 
D. Hagstrum, Rev. Mod. Phys. 23, 185 (1951). 
‘. E. Berry, Phys. Rev. 78, 597 (1950). 
‘ E. Moore, NBS Circular 467 (1949). 
M. Hickam and R. E. Fox, Phys. Rev. 98, 557A 
(1955). 
A. Me Dowell and D. C. Frost, J. Chem. Phys. 24, 173 
(1956). 
. H. Sehon and M. Szware, Proc. Roy. Soc. (London) 
[A] 209, 110 (1951). 
*. L. Mohler, V. H. Dibeler, and R. M. Reese, J. Chem, 
Phys. 22, 394 (1954 
J. R. Dacey and J. W. Hodgins, Can. J. Research [B] 28, 
193 (1950). 
. 8. Carson, K. Hartley, and H. A. Skinner, Proc. Roy.# 
Soc. (London) [A] 195, 500 (1949). 7 
.N. Doescher, J. Chem Phy s. 20, 330 (1952). 
. B. Andrews and R. F. Barrow, Proc. Roy, Soe 
(London [A] 64, 481 (1951). 
H. O. Pritchard, Chem. Revs. 52, 529 (1953). 


WasHINnGtTon, April 3, 1956. 





metry, 
1954), 
Phys. 


Chem. 


g, and 


Chem, 
[B] 28, 


c. Roy.¥ 














DIVISION OF . -..1 DOCUMENTS 
WASHINGTON 25, D. C. 





OFFICIAL BUSINESS 


1276 PENALTY FOR PRIVATE USE TO Avoip 
UNr PAYMENT OF POSTAGE, $300 
(GPO) 


GOVERNMEN 





Journal of Resvarch of the National Bureau of Standards Vol. 57, No. 2 August 1956 
Contents 

Page 
Thermal properties of aluminum oxide from O° to 1,200° K. George 
T. Furukawa, Thomas B. Douglas, Robert E. McCoskey, and Defoe C. 
Ginnings. RP2694 67 
Stress-strain relationships in yarns eae, to rapid impact load- 
ing: 4. Transverse impact tests. Jack C. Smith, Frank L. McCrackin, 
Herbert F. Schiefer, Walter K. Stone, and Kathryn M. Towne. RP2695 83 
Thermal expansion of polytetrafluoroethylene (Teflon) from —190° to 
+300° C. Richard K. Kirby. RP2696 91 
Preparation of D-arabinose-5-C“ from D-glucose-6-C“. Horace S. 
Isbell, Nancy B. Holt, and Harriet L. Frush. RP2697 95 
Thermal expansion of binary alkali silicate glasses. Herman F. 
Shermer. RP2698 97 
Investigation of an alternating-current bridge for the measurement 
of core losses in ferromagnetic materials at high flux densities. 
Irvin L. Cooter and William P. Harris. RP2699 103 


Ionization and dissociation of the trifluoromethyl halides by elec- 


tron impact. Vernon H. Dibeler, Robert M. Reese, and Fred L. 
Mohler. RP2700 


Single copies of the above Research Papers are not available for sale, but the Superintendent of 
Documents, U. S. Government Printing Office, Washington 25, D. C., will reprint 100 or more 


copies, and request for the purchase price should be mailed promptly to that Office. 


[A list of recent NBS publications is given on page 3 of the cover.] 


13 








Subscription price: $4.00 a year; $1.25 additional for foreign mailing. 
UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1956 


For sale by the Superintendent of Documents, U. S. Government Printing Office, Washington 25, D. C. Price 60 cents (single copy). : 








